Superconductive 7.2-Tesla four-magnet assembly Summary report by Schrader, E. R. & Del Grosso, R.
N A S A  C O N T R A C T O R  
R E P O R T  
SUPERCONDUCTIVE 7.2-TESLA 
FOUR-MAGNET ASSEMBLY 
by E. R. Schmder u ~ d  R. Del Grosso 
Prepared by 
RCA ELECTRONIC COMPONENTS 
Harrison, N. J. 
for Lewis  Research  Celtter 
N A T I O N A L   A E R O N A U T I C S   A N D   S P A C E   A D M I N I S T R A T I O N  WASHINGTON,  D. C .  OCTOBER 1 9 6 9  
https://ntrs.nasa.gov/search.jsp?R=19690030811 2020-03-23T19:57:59+00:00Z
SUPERCONDUCTIVE '7.2-TESLA FOUR-MAGNET ASSEMBLY 
By E. R. Schrader  and R. Del Grosso 
Distribution of this  report is provided  in  the  interest of 
information exchange. Responsibility for the contents 
resides  in  the  author or organization  that  prepared it. 
Prepared  under  Contract No. NAS 3-7928 by 
RCA ELECTRONIC COMPONENTS 
Harrison, N.J. 
for Lewis Research  Center 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 - Price $3.00 

FOREWORD 
The  research  described  herein,  which  was  conducted by RCA Electronic 
Components, was performed under NASA Contract NAS 3-7928. The Project 
Manager was Mr. Charles S.  Corcoran, Jr. , Space Power Systems Division, 
NASA-Lewis Research Center, with Mr. James C. Laurence, Electromagnetic 
Propulsion  Division, NASA -Lewis  Research  Center, as Technical  Advisor. 
iii 

TABLE OF CONTENTS 
S e c t i o n  
I INTRODUCTION . . . . . . . . . . . . . . . . . . . .  
I1 SYSTEM  CONSIDERATIONS . . . . . . . . . . . . . . . .  
A . Background . . . . . . . . . . . . . . . . . . . .  
B . System  Design . . . . . . . . . . . . . . . . . .  
1 . General  Magnet-Design Criteria . . . . . . .  
2 . Dewar . . . . . . . . . . . . . . . . . . . .  
3 . S i n g l e  &Tesla Magnet . . . . . . . . . . . .  
4 . System of Four  Magnets . . . . . . . . . . .  
I11 ELECTRICAL  SYSTEM . . . . . . . . . . . . . . . . . .  
A . Ind iv idua l   Magne t s  . . . . . . . . . . . . . . .  
B . Magnet  Terminal  Board . . . . . . . . . . . . . .  
C . Outs ide   Connect ions  . . . . . . . . . . . . . . .  
D . Power  Supply . . . . . . . . . . . . . . . . . .  
IV TEST  RESULTS . . . . . . . . . . . . . . . . . . . .  
A . G e n x a l  Di scuss ion  . . . . . . . . . . . . . . .  
B . Test Summary . . . . . . . . . . . . . . . . . .  
1 . Tests 1 Through 7 . . . . . . . . . . . . . .  
2 . T e s t s  8 Throu'gh 1 4  . . . . . . . . . . . . .  
3 . Tests 15 Through 1 7  . . . . . . . . . . . . .  
4 . T e s t s  18 Through 2 2  . . . . . . . . . . . . .  
Page 
1 
5 
5 
5 
5 
9 
1 0  
1 4  
25 
25 
25 
39 
39 
43 
43 
45  
49  
49  
50 
5 0  
V 
TABLE OF CONTENTS (Cont . )  
S e c t i o n  
5 . Test 23 . . . . . . . . . . . . . . . . . . .  
6 . T e s t s 2 4 a n d 2 5  . . . . . . . . . . . . . . .  
7 . Tests 26  Through 30 . . . . . . . . . . . . .  
8 . Tests 31 Through  35 . . . . . . . . . . . . .  
9 . Tests 36  Through 39 . . . . . . . . . . . . .  
10 . Tests 40A Through 40D . . . . . . . . . . . .  
11 . Tests 41 Through 46 . . . . . . . . . . . . .  
C . Test Analyses  . . . . . . . . . . .  
1 . Magnet 111 . . . . . . . . . .  
a . Test 28  (4.2OK) . . . . . .  
b . Test 30 (Pumped Cond i t ions )  
2 . Magnet I1 . . . . . . . . . . .  
a . Test 21  (4.2'K) . . . . . .  
b . Test 25 (Pumped Cond i t ions )  
3 . Magnets I and I V  . . . . . . .  
. . . . . . .  
. . . . . . .  
. . . . . . .  
. . . . . . .  
. . . . . . .  
. . . . . . .  
. . . . . . .  
. . . . . . .  
a . Test 40C (Pumped Cond i t ions )  . . . . . .  
b . Test 40D (Pumped Condi t ions   Fol lowed by 
E l e v a t i o n   t o  4.2OK) . . . . . . . . . . .  
4 . Four-Magnet  Assembly . . . . . . . . . . . .  
v CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . .  
Page 
5 1  
51 
51 
52 
52 
53  
53  
54 
55 
56 
58 
60 
60 
62 
64 
64 
66 
68 
7 1  
v i  
r 
LIST  OF  ILLUSTRATIONS 
Figure 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Title  Paze 
Assembly of Four  Magnets  with  Compression  Spacers  Before 
Mounting  on Support  Tube . . . . . . . . . . . . . . . .  3 
96.5-CM-ID  Liquid-Helium  Dewar  with  Top  Portion  Connected 
to  Vapor-Cooled  Power  Leads  and  Helium-Recovery 
Apparatus . . . . . . . . . . . . . . . . . . . . . . . .  4 
Single  Magnet,  Outer  Diameter  vs.  Average  Current  Density 
to Develop 4 Teslas in a 50-CM-ID Winding . . . . . . . .  7 
Cross  Section  of  Single  Magnet  with  Ribbon  and  Inter- 
leaving  Designations . . . . . . . . . . . . . . . . . .  11 
Single  Magnet  Showing  Assembly  of  Modules,  Outer  Shorted 
Turn, Terminal Board, and Vertical Track . . . . . . . .  12 
Single-Magnet,  Design  Values  of  Magnetic  Field  Intensity  at 
Important  Points  in  Module  Windings  (Averaged  From  Para- 
Meters of Those Wound with Silver-Plated Ribbon) . . . .  13 
Mounting  of  Magnet  Assembly  to  Dewar  Support  Tube . . . .  15 
Axial  Forces  and  Total  Magnetic  Fields  for  Magnet  System 
Consisting  of  Four  Magnets of Type  Shown  in  Figure 6 . . 16 
Cross  Section  of  Four-Magnet  Assembly  in  Lower  Half of 
D e w a r . . . .  . . . . . . . . . . . . . . . . . . . . . .  17 
H-I Curves of Ribbon Types . . . . . . . . . . . . . . .  21 
Module  C of Magnet 111 Showing  Shifted  Outer  Windings . . 23  
Magnet Terminal Boards and Bus Bars, Location Diagram . . 26 
Terminal  Boards I, 11, and 111,  Terminal  Identifica- 
tions . . . . . . . . . . . . . . . . . . . . . . . . . .  28 
14 Cabling  Diagram . . . . . . . . . . . . . . . . . . . . . .  40 
vi i 
Fiaure 
15 
16 
17 
18 
19 
20 
21 
LIST  OF  ILLUSTRATIONS  (Cont.) 
Tit  le 
Magnet  111, 'Test 28, 4.2'K . . . . . . . . . . . . . . 
Magnet  111,  Test 30, Pumped  Conditions . . . . . . . . 
Magnet  11,  Test 21 , 4.2'K . . . . . . . . . . . . . . 
Magnet  11,  Test 25, Pumped  Conditions . . . . . . . . 
Magnets I and IV, Test 40C,  Pumped  Conditions . . . . 
Magnets  I  and IVY Test 40D, Pumped  Conditions  Followed 
by  Elevation  to 4.2'K . . . . . . . . . . . . . . . . 
Complete  Magnet  Assembly,  Test 43, Pumped  Conditions . 
LIST  OF  TABLES 
Table  Title 
I Numbering and Marking Codes of Modules and Magnets . . 
I1 Magnet Fabrication Parameters . . . . . . . . . . . . . 
I11 Nominal Dimensions of Nb Sn Ribbons . . . . . . . . . . 
IV Terminal Board Connections for Magnet I Voltage Leads . 
V Terminal Board Connections for Magnet I1 Voltage Leads. 
3 
VI1 
VI11 
VI Terminal Board Connections for Magnet 111 Voltage 
Leads. . . . . . . . . . . . . . . . . . . . . . . . .  
Terminal  Board  Connections  for  Magnet  IV  Voltage  Leads. 
Summary  of  Test  Data . . . . . . . . . . . . . . . . . 
Page 
57 
59 
61 
63 
65 
67 
69 
Page 
18 
19 
20 
29 
32 
34 
36 
46 
viii 
SECTION I 
INTRODUCTION 
The L e w i s  Research  Center  is t h e  NASA o r g a n i z a t i o n  p r i m a r i l y  r e s p o n s i b l e  
f o r  t h e ' d e v e l o p m e n t  o f  s p a c e  power  and  propuls ion  systems.  Many advanced 
s p a c e  power  and  propuls ion  sys tems p lanned  by  the  L e w i s  Research Cen te r  re- 
q u i r e  m a g n e t i c  f i e l d s  t h a t  may b e  s u p p l i e d  b e s t  by. superconduct ive  magnet  
sys tems.  
Because  o f  t hese  needs ,  t he  NASA L e w i s  Resea rch  Cen te r  acco rd ing ly  sup -  
p o r t e d  two c o n t r a c t s  w i t h  RCA t o  s t u d y  t h e  f e a s i b i l i t y  o f  l a r g e - v o l u m e ,  h i g h -  
f i e l d - s t r e n g t h   s u p e r c o n d u c t i v e   e l e c t r o m a g n e t s .   T h e   f e a s i b i l i t y  was demon- 
s t r a t e d  as a r e s u l t  o f  t h e s e  s t u d i e s ,  a n d  RCA w a s  awarded a f u r t h e r  c o n t r a c t  
t o  d e s i g n  a n d  d e v e l o p  a 15-cm-bore,  14-Tesla  magnet. ( 2 )  Whi le  th i s  magne t  
w a s  be ing  des igned ,  a h a r d w a r e  c o n t r a c t  w a s  awarded t o  RCA f o r  t h e  d e s i g n ,  
f a b r i c a t i o n ,  a n d  t e s t i n g  o f  a sys t em,  cons i s t ing  o f  fou r  magne t s  and  a Dewar, 
t h a t  would  develop 7 . 2  Teslas i n  a 50.8-cm-diameter  winding  bore.  (3)  This 
summary r e p o r t  c o v e r s  t h e  l a t t e r  system. 
The  des ign  of  these  magnets  w a s  based  upon  the  use  o f  n iob ium s t ann ide  
(Nb Sn)  superconduct ive  r ibbon wound i n  l a y e r  f o r m  w i t h  a s s o c i a t e d  t e c h n i q u e s  
( e . g . ,  u s e  o f  s p e c i a l  i n t e r l e a v i n g  a n d  s h o r t i n g  s t r i p s )  t h a t  h a d  p r o v e d  s u c -  
c e s s f u l  i n  many p rev ious ly  cons t ruc t ed  h igh - f i e ld  magne t s .  Modu la r  cons t ruc -  
t i o n  was u s e d  t o  c o n t a i n  m e c h a n i c a l l y  t h e  l a r g e  f o r c e s  t h a t  d e v e l o p  a n d  t o  
f a c i l i t a t e   w i n d i n g ,   p o w e r i n g ,   a n d   t e s t i n g   o f   s u b g r o u p s   o f   c o i l s .   S p e c i f i c  
supe rconduc to r s  were d e s i g n e d  f o r  u s e  i n  l o c a l  r e g i o n s  o f  t h e  m a g n e t  t o  a l l o w  
f o r  d i f f e r i n g  r e q u i r e m e n t s  of c u r r e n t - c a r r y i n g  c a p a c i t y  a t  t h e  f i e l d  r a n g e s  
and f o r  v a r y i n g  h o o p  stresses. 
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1. C o n t r a c t s  NAS 3-2520 and NAS 3-5420.  
2 .  Cont rac t  NAS 3-7101. 
3 .   Cont rac t  NAS 3-7928. 
1 
The  combined u s e  of t h e s e  c o n c e p t s  c u l m i n a t e d  i n  t h e  s u p e r c o n d u c t i v e  
magnet shown i n  F i g u r e  1. A d d i t i o n a l  p a r t s  of t h e  s y s t e m  are  a 96.5-cm-ID 
l iqu id-he l ium  ( l iqu id-He)  Dewar, p a r t  of which is shown i n  F i g u r e  2 ,  and a 
power s u p p l y  a n d  c o n t r o l  s y s t e m  t h a t  p r e v i o u s l y  was supp l i ed  unde r  Con t rac t  
NAS 3-7101. 
2 
- - -- .~- -- ~-' .'--_ .. _--- ~---
Figure 1. Assembly of Four Magnets with Compression Spacers Before Mounting on Support Tube. 
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SECTION I1 
SYSTEM  CONSIDERATIONS 
A .  BACKGROUND 
E s s e n t i a l l y  two r e q u i r e m e n t s  were p laced  upon  the  magne t  des igns :  
a .  The  four   magnets ,   each  with  10.2-cm-long ax ia l  windings  and 
50.8-cm-ID winding  bore  and  wi th  15 .2  c m  be tween the  windings  
of  ad jacent  magnets  when s t acked ,  mus t  deve lop  7 . 2  Teslas a t  
the  magne t  sys t em cen t ro id .  
b .   Each   magnet   separa te ly   mus t   deve lop  4 T e s l a s  a t  i t s  own c e n t r o i d .  
An a d d i t i o n a l  r e q u i r e m e n t  w a s  t h a t  m a g n e t  c u r r e n t s  c o u l d  b e  n o  g r e a t e r  
t han  100 amperes.  The r e a s o n  f o r  t h i s  r e q u i r e m e n t  was so t h a t  a power  supply 
sys tem  be ing   des igned   concurren t ly   under  NAS 3-7101  would  be  compat iblewith 
t h e  7.2-Tesla system. 
A D e w a r  and mounting system w a s  r e q u i r e d  so t h a t  a s i n g l e  m a g n e t  o r  a n y  
combina t ion  o f  t he  fou r  magne t s  cou ld  be  t e s t ed .  
Because  o f  ax ia l  fo rces  tha t  wou ld  be  deve loped  wi th in  th i s  fou r -magne t  
sys t em p lus  some f o r c e s  a n t i c i p a t e d  d u e  t o  f u t u r e  a d d i t i o r l s  o f  e n d  m a g n e t s ,  
t h e  m a g n e t  s t r u c t u r e  vas r e q u i r e d  t o  b e  s t r o n g  e n o u g h  t o  t r a n s f e r  s a f e l y  
2,670,000  newtons  of   force acr3ss the  cen t r a i  p l ane  o f  t he  fou r -magne t  sys t em.  
B .  SYSTEM  DESIGN 
1. GENERAL MAGNET-DESIGN CRITERIA 
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d i m e n s i o n s  o f  t h e  m a g n e t s ,  p r o d u c i n g  t h e  r e q u i r e d  s i n g l e  m a g n e t  f i e l d  of 4 
Teslas i s  p o s s i b l e  o n l y  by h a v i n g  e n o u g h  c u r r e n t  d e n s i t y  f o r  a n y  c h o s e n  o u t e r  ' 
magnet   dimension.   Figure 3 shows the   approx ima te   manner   i n   wh ich   t he   ou te r  
d i a m e t e r  o f  t h e  m a g n e t  m u s t  c h a n g e  t o  m a i n t a i n  t h e  4 - T e s l a  c e n t r a l  f i e l d  as 
a v e r a g e  c u r r e n t  d e n s i t y  w i t h i n  t h e  o u t e r  c o n f i n e s  o f  t h e  t o t a l  s i n g l e - m a g n e t  
windings  ( i . e . ,  i n t e r n a l   m a g n e t   m e c h a n i c a l   s t r u c t u r e   i n c l u d e d )   c h a n g e s .  A t  
t h e   d e s i g n   c u r r e n t   d e n s i t y   o f   1 4 . 9   k i l o a m p e r e s / c m   s e l e c t e d   e v e n t u a l l y ,   t h e  
s l o p e  o f  t h i s  f u n c t i o n  is  a n  i n c r e a s e  i n  o u t e r  d i a m e t e r  o f  a p p r o x i m a t e l y  2 . 8  
cm f o r   e a c h   d e c r e a s e   i n   c u r r e n t   d e n s i t y  of 1 kiloampere/cm . A t  1 2   k i l o -  
amperes/cm , t h e  i n c r e a s e  i n  o u t e r  d i a m e t e r  i s  4 . 7  cm pe r  dec rease  o f  1 k i l o -  
ampere/cm . A t  t h e   o u t e r   d i a m e t e r s   c o n s i d e r e d ,   e a c h   r a d i a l   i n c r e a s e   o f  1 cm 
c o r r e s p o n d s  t o  a p p r o x i m a t e l y  10,000 a d d i t i o n a l  meters o f  0.23-cm-wide super -  
c o n d u c t i v e   r i b b o n .   I n c r e a s i n g l y  severe p e n e l t i e s ,   t h e r e f o r e ,  are  p a i d   i n   s i z e  
a n d  c o s t  as o v e r a l l  c u r r e n t  d e n s i t y  i s  made lower.  
2 
2 
2 
2 
B e c a u s e  e x t r e m e l y  h i g h  a x i a l  f o r c e s  m u s t  b e  t r a n s m i t t e d  t h r o u g h  t h e  
m a g n e t  s t r u c t u r e  when t h e  f o u r  m a g n e t s  are a s s e m b l e d  i n  a system, a magnet 
must b e  composed  of  modules t h a t  h a v e  s u f f i c i e n t  s t r u c t u r a l  c r o s s  s e c t i o n  i n  
a p l a n e   p e r p e n d i c u l a r   t o   t h e   m a g n e t   a x i s .  By i t e r a t i v e - t y p e   c a l c u l a t i o n s  , 
t h e  c o n f i n e s  o f  t h e  e x t r e m e s  o f  t h e  w i n d i n g s  o f  a s i n g l e  m a g n e t  r e q u i r e  f o r  
s t r u c t u r e  a volume  of 18-% p e r c e n t .  The d e s i g n  c u r r e n t  d e n s i t y  w i t h i n  t h e  
a c t u a l  l a y e r s  o f  w i n d i n g s  t h e n  i n c r e a s e s  f r o m  1 4 . 9  t o  1 8 . 3  k i l o a m p e r e s / c m  . 2 
(4 1 
An a d d i t i o n a l  f a c t o r  a f f e c t s  t h e  n e e d  t o  d e s i g n  f o r  t h e  h i g h e s t  f e a s i -  
b l e  c u r r e n t  d e n s i t y .  The s to red   ene rgy   o f   t he   fou r -magne t   sys t em is  7 . 1  mega- 
jou le s ,  o f  wh ich  approx ima te ly  2 megajoules  i s  r equ i r ed  fo r  each  magne t  o f  
t h e   c e n t r a l   p a i r .   F o l l o w i n g   t h e   d e s i g n   p h i l o s o p h y   e s t a b l i s h e d   u n d e r   c o n t r a c t  
NAS 3-7101, i t  was necessa ry  to  p rov ide  no rma l  metal e n e r g y  s i n k s  i n t o  w h i c h  
c u r r e n t s  c o u l d  b e  i n d u c e d  upon  norma lcy  to  p rov ide  fo r  con t ro l l ed  ene rgy  
d i s s i p a t i o n .  
4 .  E .  R .  Schrader   and P .  A .  Thompson, "Use of   Superconductors   wi th  
Var i ed  Charac t e r i s t i c s  fo r  Op t imized  Des ign  o f  La rge  Bore  High- 
F ie ld   Magnets , "  IEEE Trans.  on Magnetics,   Vol.  2 ,  No. 3, p. 311, 
September  1966. 
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NOTE:  DESIGN  POINT  CURRENT  DENSITY IS 
BASED UPON SHADED CROSS-SECTION AREA, 
WHICH INCLUDES SOME COIL-FORM STRUCTURE 
I AND 
I "I" f 25.4 CM WINDING RADIUS 
DESI 
FOR 
0 4 8 12 16 20 
AVERAGE  CURRENT  DENSITY (J) (kAICM2) 
02892L 
Figure 3. Single Magnet, Outer Diameter vs. Average Current Density to 
Develop 4 Teslas in a 50-CM-ID Winding 
A p o r t i o n  o f  t h e s e  s h o r t e d - t u r n - t y p e  e n e r g y  s i n k s  is  provided by 
s h o r t i n g  t h e  c o p p e r  s h e e t s  u s e d  as p a r t  o f  t h e  i n t e r l e a v i n g  b e t w e e n  wound 
l a y e r s  of r ibbon .  The r e s t r i c t i o n  on us ing   the   space   be tween  magnets ,  how- 
ever, p r e c l u d e d  f u r t h e r  d i s t r i b u t i o n  o f  massive copper -shor ted  turns  be tween 
winding   vo lumes .   The   on ly   remain ing   vo lume  for  a shor t ed   s econda ry  w a s  ou t -  
s i d e  t h e  o u t e r  d i a m e t e r  of t he   magne t   w ind ings .  The e l ec t r i ca l  c h a r a c t e r i s -  
t i c s  of  such  a s h o r t e d  t u r n  c o u l d  n o t  b e  o p t i m i z e d  a n a l y t i c a l l y ,  d u e  t o  t h e  
complex  e l ec t romagne t i c  t r ans i en t s  t ha t  accompany  norma lcy  in  a l a r g e  s u p e r -  
c o n d u c t i v e   m a g n e t .   T h e   r a d i a l   d e p t h   a l l o w e d   f o r   s u c h   a n   e n e r g y   s i n k ,   t h e r e -  
f o r e ,  is a matter o f  p r o v i d i n g  t h e  maximum f e a s i b l e  volume of  shorted copper  
w h i l e  m a i n t a i n i n g  a r e a s o n a b l e  o u t e r  d i a m e t e r ,  so t h a t  t h e  Dewar w i l l  n o t  b e  
t o o  l a r g e .  The v o l u m e   d e v o t e d   t o   t h e   e n e r g y - s i n k   r i n g  is l i m i t e d  f u r t h e r  by 
t h e   n e e d  to  c o n t a i n   t h e   c o p p e r   w i t h i n  a s t a i n l e s s - s t e e l  c a s i n g .  I f  t h e  c o p p e r  
i s  n o t  c o n t a i n e d ,  t h e  c o p p e r  c a n  m a g n e t o - f o r m  a n d  p o s s i b l y  S u r s t  upon occur- 
r e n c e  o f  a magnet normalcy. 
The t h i c k n e s s  of t h e  b o b b i n  f l a n g e s  was d e t e r m i n e d  c h i e f l y  b y  t h e  
r e q u i r e m e n t  f o r  access p o r t s  e v e r y  90 degrees  be tween magnets  wi th  a minimum 
segment   dimension of 7.6 cm f o r  e a c h  p o r t .  A compress ion   spacer  i s  no t   pe r -  
m i t t e d  a t  t h e s e  p o i n t s ,  a n d  t h e  b o b b i n  f l a n g e s  m u s t  s u s t a i n  t h e  combined 
a x i a l   p r e s s u r e   o f   t h e   w i n d i n g s   o f   e a c h   m a g n e t .   I n   t h e   w o r s t  case, t h e   s t e a d y -  
s ta te  w i n d i n g s  p r e s s u r e  a g a i n s t  t h e  f l a n g e  w o u l d  b e  2 6 0 0  p s i .  C a l c u l a t i o n s  
made  by F i l e ( 5 )  i n d i c a t e  t h a t  1 . 2 7 - c m - t h i c k  f l a n g e s  w o u l d  limit t h e  d e f l e c -  
t i o n  o f  t h i s  c a n t i l e v e r e d  s e c t i o n  t o  b e l o w  0 . 2 5 4  mm, t h e  l a t t e r  v a l u e  b e i n g  
t h e  maximum p e r m i s s i b l e  d i m e n s i o n  f o r  t h e  w i n d i n g s  mass t o  s h i f t  l o c a l l y .  
5. C a l c u l a t i o n s   l e a d i n g   t o   t h e   m e c h a n i c a l   s t r u c t u r e   d e s i g n  were made 
under  a c o n s u l t a t i o n  a g r e e m e n t  w i t h  D r .  J .  F i l e  o f  t h e  P r i n c e t o n  
A c c e l e r a t o r  R e s e a r c h  L a b o r a t o r y ,  P r i n c e t o n ,  New J e r s e y .  
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Nominal weights of magnet components a re  as fo l lows :  
a .  Single   magnet ,   406  ki lograms 
b.   Compression  spacer ,   39  ki lograms 
c. Four-magnet  assembly,  2090  kilograms 
2.  DEWAR 
The Dewar  r equ i r emen t s  are t h o s e  n e c e s s a r y  f o r  t e s t i n g  u p  t o  f o u r  
m a g n e t s  w i t h  t h e  s p e c i f i e d  15.2-cm spacing between windings with low helium 
b o i l - o f f  l o s s e s .  ( 6 )  E x t r a  h e i g h t  w a s  p r o v i d e d  f o r  t h e  e v e n t u a l  t e s t i n g  of 
a l a r g e r  m a g n e t  s y s t e m  t o  b e  made  unde r  con t r ac t  NAS 3-9684.  The Dewar  i n n e r  
d i ame te r  i s  96 cm t o  a c c e p t  t h e  90-cm  maximum magne t  d i ame te r  ( inc lud ing  l eads ) .  
The Dewar is  s h i e l d e d  b y  l i q u i d  n i t r o g e n  t h a t  i s  c o n t a i n e d  i n  a n  o u t e r  j a c k e t  
and i n  a r e m o v a b l e   u p p e r   l i d .   I n   a d d i t i o n   t o   t h e   l i q u i d - n i t r o g e n   p o t ,   t h e  
l i d  c o n t a i n s  a se t  of e i g h t   n i t r o g e n - c o o l e d   c u r r e n t   l e a d s .  A set of  1 2  vapor-  
c o o l e d  c u r r e n t  l e a d s  was  added  by NASA a f t e r  d e l i v e r y .  O t h e r  p o r t s  a r e  u s e d  
f o r  t r a n s f e r  l i n e s  and   s igna l - l ead   access .   F igu re  2 shows t h e   t o p   p o r t i o n  
o f  t h e  Dewar. 
A d d i t i o n a l  d i m e n s i o n a l  c h a r a c t e r i s t i c s  o f  t h e  D e w a r  are as f o l l o w s :  
a .  Depth  (from a h o r i z o n t a l  b a r  a c r o s s  t o p  f l a n g e  t o  c e n t e r  of 
D e w a r  bo t tom) ,  350 c m .  
b .  O u t s i d e  diameter ,  122 cm. 
c .  Maximum o u t s i d e   h e i g h t   ( f r o m   b a s e   o f  D e w a r  t o  t o p  o f  a p r e s -  
s u r e - r e l e a s e  p o r t ) ,  430 cm. 
d .  Maximum working  volume,  2000 l i ters .  
9 
3 .  SINGLE 4-TESLA MAGNET 
Using i t e r a t ive  t echn iques  and  the  c r i te r ia  m e n t i o n e d  i n  P a r a g r a p h  B . l ,  
t h e  b a s i c  s i n g l e - m a g n e t  d e s i g n  shown i n  c r o s s  s e c t i o n  i n  F i g u r e  4 was evolved .  
A photograph   of   an   assembled   s ing le   magnet  i s  shown i n  F i g u r e  5. Each  magnet 
c o n s i s t s   o f   t h r e e   b o b b i n s   o f  304 s t a i n l e s s  steel .  The  bobbins serve b o t h  as 
winding forms and as s t r u c t u r a l  members f o r  t h e  t r a n s m i s s i o n  o f  a x i a l  stresses 
i n  t h e  f u l l  a s s e m b l y  of fou r   magne t s .  The  copper   secondary  turn,   which serves 
as a n  e n e r g y  s i n k ,  h a s  a p p r o x i m a t e l y  t h e  same c r o s s - s e c t i o n a l  s i z e  as  t h e  
bobbins   and is s i t u a t e d  o u t s i d e  t h e  w i n d i n g s .  The  winding  bobbins   have  mil led 
r a d i a l  s l o t s  o n  t h e  i n s i d e  o f  e a c h  f l a n g e  f o r  h e l i u m  access t o  t h e  s u p e r c o n -  
d u c t i v e  r i b b o n  l a y e r s .  
One s i d e  o f  t h e  o u t e r  b o b b i n  f l a n g e s  c o n t a i n s  a l i g n e d  m i l l e d  s l o t s  
f o r  c u r r e n t  a n d  v o l t a g e  l e a d s ,  w h i c h  are  c a r r i e d  r a d i a l l y  o u t w a r d  a n d  o v e r  
t h e  o u t e r  c i r c u m f e r e n c e  o f  t h e  s e c o n d a r y  c o p p e r  t u r n  a n d  o n t o  a B a k e l i t e  ter-  
mina l   boa rd .  A l l  l e a d s ,  t h e r e f o r e ,  a re  a v a i l a b l e  a t  t h e   o u t e r   d i a m e t e r   o f  
the  magnet ,  where  they  w i l l  n o t  i n t e r f e r e  w i t h  access space  on  the  s ides .  
T h i s  f e a t u r e  c a n  b e  s e e n  i n  F i g u r e  5. 
Tapped holes are l o c a t e d  w i t h i n  t h e  1 . 1 7 - c m - t h i c k  b o b b i n  f l a n g e s  t o  
receive m o u n t i n g  b o l t s .  A s i n g l e  m a g n e t  i s  a s s e m b l e d  w i t h  s t a i n l e s s - s t e e l  
s t r a p s ,  w h i c h  are b o l t e d  t o  a l l  modu les   t o   ho ld  them t o g e t h e r .  When more  than 
one  magnet i s  a s s e m b l e d ,  c o m p r e s s i o n  s p a c e r s  t a k e  t h e  p l a c e  o f  t h e  s t r a p s  
between the magnets  and a r e  f a s t e n e d  t o  t h e  same t a p p e d  h o l e s  i n  t h e  f l a n g e s .  
Tests can  be  pe r fo rmed ,  t he re fo re ,  on  s ing le  modu les  o r  on  modu les  in  com- 
b i n a t i o n .  
The d e s i g n  e l e c t r o m a g n e t i c  p a r a m e t e r s  o f  a s i n g l e  m a g n e t  a re  g i v e n  i n  
F i g u r e s  4 and 6.  P r e l i m i n a r y  t e s t  r e s u l t s   o f   m o d u l e s   f a b r i c a t e d   w i t h   c o p p e r  
s h o r t i n g  s t r i p s  showed e x c e s s i v e  time cons tan t s  and  a p o s s i b i l i t y  o f  low 
c r i t i c a l  c u r r e n t s .  The s h o r t i n g   s t r i p s ,   t h e r e f o r e ,  were changed   to   phosphor  
b ronze ,  and  one  o f  t he  fou r  magne t s  was made w i t h  c o p p e r - c l a d  r i b b o n ,  i n s t e a d  
o f   s i l v e r - p l a t e d   r i b b o n ,   f o r   a d d e d   s t a b i l i t y .   R i b b o n   d e s i g n a t i o n s   f o r   t h i s  
m a g n e t   ( l a t e r   r e f e r r e d   t o  as  magnet 11) a r e   g i v e n   i n   F i g u r e  4 .  The f i e l d s  
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a t  t h e  c o i l  c o r n e r s  are a p p r o x i m a t e l y  t h e  same as t h o s e  g i v e n  i n  F i g u r e  6 f o r  
t h e  s i l v e r - p l a t e d - r i b b o n  v e r s i o n .  The o n l y  d i f f e r e n c e  i n  t h e  d i s t r i b u t i o n  of 
t h e  d e s i g n e d  c u r r e n t  d e n s i t y  is i n  o u t e r  m o d u l e  C ,  i n  w h i c h  s l i g h t l y  h e a v i e r  
copper  w a s  u s e d  i n  t h e  i n t e r l e a v i n g  f o r  t h e  s i l v e r - p l a t e d  v e r s i o n .  To main- 
t a i n  a c u r r e n t  d e n s i t y  i n  t h e  c o p p e r - c l a d  v e r s i o n  t h a t  i s  e q u a l  t o  t h a t  o f  
t h e  s i l v e r - p l a t e d  v e r s i o n ,  t h e  t r a n s p o r t  c u r r e n t  o f  t h e  c o p p e r - c l a d  v e r s i o n  
h a d  t o  b e  i n c r e a s e d .  
4 .  SYSTEM OF  FOUR MAGNETS 
The assembled  system  of   four   magnets   (Figure  1)   shows  compression 
spacers   be tween  magnets .  The compress ion   space r s   bo l t   t o   t he   magne t   modu les  
t o  fo rm  an   i n t eg ra t ed   un i t .   Cur ren t   and   s ens ing   con tac t s   f rom  the   t e rmina l  
boards  on  each  magnet  go  to a s i n g l e  v e r t i c a l  c u r r e n t - l e a d  c h a n n e l  (shown i n  
F i g u r e   1 )   a n d   t o   s e n s i n g - l e a d   c h a n n e l s   ( n o t  shown). The complete  magnet 
assembly i s  h e l d  o n t o  t h e  Dewar s u p p o r t  t u b e  i n  a manner similar t o  t h a t  
shown i n  F i g u r e  7. 
The c o n s i d e r a b l e  a x i a l  f o r c e s  e x p e c t e d  a t  t h e  f i e l d  o f  7 . 2  T e s l a s  
are shown i n  F i g u r e  8. F i g u r e  8 a l s o  i n d i c a t e s  t o t a l  m a g n e t i c  f i e l d  v a l u e s  
a t  v a r i o u s  w i n d i n g  l o c a t i o n s ,  a s s u m i n g  a s i n g l e  c u r r e n t  o f  70.5 amperes i n  
a l l  windings .  
F i g u r e  9 shows t h e  c r o s s  s e c t i o n  o f  t h e  f o u r - m a g n e t  a s s e m b l y  i n  t h e  
lower   ha l f   o f   t he  Dewar. The numbering  and  marking  codes  of   the   modules   and 
m a g n e t s  f o r  o r i e n t a t i o n  a t  t h e  time o f  f i n a l  t e s t i n g  a r e  shown i n  T a b l e  I. 
A p p r o x i m a t e  f i e l d l c u r r e n t  v a l u e s  a t  t h e  s y s t e m  c e n t r o i d  a r e  g i v e n  t o  assist 
i n  c a l c u l a t i n g  t h e  t o t a l  c e n t r a l  f i e l d  when d i f f e r e n t  c u r r e n t s  a r e  u s e d  i n  
each module.  
F i n a l  f a b r i c a t i o n  p a r a m e t e r s  f o r  e a c h  m o d u l e  a r e  g i v e n  i n  T a b l e  11. 
P h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  r i b b o n s  a r e  g i v e n  i n  T a b l e  111. The minimum 
s h o r t - s a m p l e  v a l u e s  o f  t h e  r i b b o n s  a r e  g i v e n  i n  F i g u r e  10 .  Par t   o f   magnet  I11 
( s i l v e r - p l a t e d - r i b b o n  v e r s i o n  wound f i r s t )  was r e f a b r i c a t e d  when i t  w a s  no ted  
a f t e r  t e s t  2 2  t h a t   t h e   o u t e r   w i n d i n g s   o f   e a c h   m o d u l e  had s h i f t e d .   F o l d i n g   o f  
t h e  o u t e r  p r o t e c t i v e  t a p e  t h a t  c o v e r s  s e v e r a l  f u r t h e r  p r o t e c t i v e  l a y e r s  o f  
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A. TWO MAGNETS MOUNTED ON EXTEN~ION RODS TO PLACE 
MAGNETS AT LOWEST PORTION OF DEWAR 
B. FOUR MAGNETS MOUNTED WITHOUT EXTENSION RODS 
028116P 
Figure 7. Mounting of Magnet Assembly to Dewar Support Tube 
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TABLE I. NUMBERING AND MARKING CODES  OF MODULES AND MAGNETS 
Teslas x 1 f 4  p e r  Ampere a t  Cen t ro id   Modu le   Iden t i f i ca t ion   H les  
Located on Top Flange of Each 
Magnet S i n g l e  Module S i n g l e  Mag. Four-Mag. System  Module 
Number 
Module  Module  Module  Module  Module  Module  Module  Module 
A B C A+B+C A+ B+ C A B C 
.... I 200 160 110 470 385 .. 
I1 185 152  103 440 95 .. .. ... 
... ... .... I11 200 160 110 470 103 
IV 200 160 110 470 38 5 .... 
TABLE 11. MAGNET FABRICATION PARAMETERS 
Magnet  Module 
I A- 4 
I B-1 
I c-2 
I1 A- 2 
I1 B-2 
I1 c-3 
111 A- 3 
I11 B-3 
I11 c-4 
I V  A- 1 
I V  B-4 
I V  c-1 
Ribbon OD of Number of  
Type Windinps (cm) Turns 
R60285 61.0 9368 
R60283 
R60216 
R60273 
R60301 
R60302 
R60285 
R60283 
R60216 
R60285 
R602 8  3 
R60216 
70.7 
78.6 
61.1 
71.5 
78.5 
60.5 
70.9 
78.8 
60.6 
7 1 . 1  
78.9 
84 61 
6679 
8333 
8142 
6286 
9061 
8752 
7001 
8911 
8616 
6899 
Number of 
Layers 
2 31 
210 
166 
210 
194 
153 
218 
218 
168 
222  
213 
172 
Ribbon Length 
'(Meters) 
16,473 
17,773 
15,901 
14,657 
17,190 
14,971 
15,867 
18,402 
16,678 
15,622 
17,455 
16,438 
TABLE 111. NOMINAL  DIMENSIONS OF Nb3Sn RIBBONS 
h) 
0 
Silver-Plated  Ribbon  (Magnets I, 111, I V )  
Ribbon  Substrate  Nb 3Sn S i lve r   P l a t e   To ta l   Conduc to r  
Type Thickness   Thickness   per   Thickness   per   Thickness  
(mm) S ide  (mm) Side  (mm)  (mm 1 
R60285 0.102 0.0097 0.0254  0.172 
R6028 3 0.076  0.0064 0.0254  0.140 
R60261 0.046  0.00 4 0.0254 0.110 
Copper-Clad  Ribbon  (Magnet 11) 
Ribbon  Substrate  
Type Thickness 
(mm) 
R60302 0.102 
R60301 0.076 
R602 73  0.046 
NOTE : 
Nb 3Sn Copper  Clad  Total  Conductor
Thickness  per  Thickness Thickness 
Sid-e  (mm) (mm) (mm) 
0.0097  0.0254  0.174 
0.0064  0.0254  0.142 
0.0064  0.0254  0.112 
Copper-clad  ribbon is  s l i g h t l y  t h i c k e r  t h a n  e q u i v a l e n t  
s i l ve r -p l a t ed  r ibbon  due  to  so lde r  u sed  du r ing  the  c l add ing  
p rocess .  
l 10 
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Figure 10. H-l Curves of Ribbon Types 
H a s t e l l o y   r i b b o n  i s  shown i n  A ,  F i g u r e  11. The H a s t e l l o y  r i b b o n  a f t e r  t h e  
c l o t h  t a p e  was removed is shown i n  B ,  F i g u r e  11. Simi la r   p roblems were n o t e d  
o n  t h e  p e r i p h e r i e s  o f  m o d u l e s  A and B. It a p p e a r e d ,  i n  e a c h  case, t h a t  t h e  
H a s t e l l o y  a c t e d  l i k e  a s h o r t e d  t u r n ;  i n d u c e d  c u r r e n t s  r e a c t i n g  w i t h  t h e  m a g n e t  
f i e l d  c a u s e d  l o c a l  p u r t u r b a t i o n s  w i t h  a c c o m p a n y i n g  b u c k l i n g  a n d  s h i f t i n g .  
Upon unwrapp ing  the  Has te l loy  and  a l a y e r  o f  T e f l o n  a n d  i n t e r l e a v i n g ,  
i t  was s e e n  t h a t  p h y s i c a l  movement  of t h e  H a s t e l l o y  d r a g g e d  a l o n g  p a r t s  o f  
t h e  o u t e r  f e w  l a y e r s  o f  Nb Sn a n d  a p p a r e n t l y  r e s u l t e d  i n  some l o c a l  damage 
and  arcing.  Each  module was unwound, t h e r e f o r e ,  u n t i l  n o  f u r t h e r  damage was 
ev iden t ,   and   t he   modu le  was rewound w i t h  new r ibbon .  The H a s t e l l o y  l a y e r s  
t h e n  were i n s u l a t e d  f rom one  ano the r  t o  min imize  sho r t ing .  
3 
22  
A. BUCKLING EVIDENT AFTER TEST 22 
B. TAPE REMOVED TO EXPOSE HASTELLOY RIBBON 
Figure 11. Module C of Magnet III Showing Shifted Outer Windings 
23 
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SECTION 111 
ELECTRICAL SYSTEM 
A *  ___ I N D I V I D U A L  MAGNETS 
~ 1 1  cur ren t  and  vo l t age  d i agnos t i c  l eads  f rom each  o f  t he  th ree  modu les  of 
a n  i n d i v i d u a l  m a g n e t  e x i t  a l o n g  r a d i a l  s l o t s  m i l l e d  i n t o  the modu le  f l anges .  
C u r r e n t  l e a d s  a r e  1.27-cm-wide h i g h - c o n d u c t i v i t y  c o p p e r  s t r i p s  w i t h  two o r  
t h r e e  s t r a n d s  o f  s u p e r c o n d u c t i v e  r i b b o n  s o l d e r e d  i n  p a r a l l e l .  V o l t a g e  l e a d s  
a r e  f l a t  c o p p e r  s t r i p s  w h e r e  t h e y  make p r e s s u r e  c o n t a c t  w i t h  t h e  r i b b o n  i n s i d e  
t h e  w i n d i n g s ;  t h e s e  l e a d s  a r e  e x t e n d e d  o u t s i d e  t h e  w i n d i n g s  as f i n e  T e f l o n -  
coa ted  wires .  The o u t e r   p e r i p h e r y   o f   t h e   c o p p e r - s t a i n l e s s  s t e e l  e n e r g y   s i n k  
c o n t a i n s  a B a k e l i t e  t e r m i n a l  b o a r d  w i t h  a n c h o r  p o s i t i o n s  f o r  a l l  l e a d s  t h a t  
a r e  d e s t i n e d   t o   b e  a permanent   par t   o f   the   ind iv idua l   magnet   assembly .   Each  
magne t ,   t he re fo re ,  is  a s e l f c o n t a i n e d  u n i t  r e q u i r i n g  o n l y  e x t e r n a l  c o n n e c t i o n s  
f o r  o p e r a t i o n .  
B .  MAGNET TERMINAL BOARD 
A s  each  module was wound, d i a g n o s t i c  v o l t a g e  t a p s  were i n s t a l l e d  a t  each 
c u r r e n t   c o n t a c t   a n d   u s u a l l y   a c r o s s   e a c h   r i b b o n   s p l i c e .   I n   m o s t   c a s e s ,   i n i t i a l  
t es t s  of  modules w e r e  conduc ted  wi th  these  vo l t age  t a p s  s o l d e r e d  d i r e c t l y  t o  
a c a b l e  coming  through  the D e w a r  t o p ,  a n d  t h e  t e r m i n a l  b o a r d s  were n o t  u s e d .  
This  approach  was u s e d  b e c a u s e  t h e  m u l t i t u d e  o f  v o l t a g e  t a p s  a re  s u p p l i e d  t o  
de tec t   any   obvious   p roblems,   such  as  r e s i s t i ve  s p l i c e s .  Af te r  i n i t i a l  t e s t i n g ,  
most o f  t h e s e  d i a g n o s t i c - l e a d s  were pul led  out  of  the  windings ,  and  the  remain-  
i n g   l e a d s  were connec ted   to   the   magnet   t e rmina l   board .   The  l a t t e r  l e a d s  Serve 
a s  s o u r c e s  O f  s i g n a l s  f o r  m o n i t o r i n g  a n d  f o r  f u t u r e  d i a g n o s t i c s  when needed. 
F i g u r e  12 shows t h e  e s s e n t i a l  f e a t u r e s  of a magnet   t e rmina l   board .   Three  
48-pin  terminal   boards,   numbered I, 11, and 111 a t  t h e  l o w e r  r i g h t  c o r n e r ,  a r e  
l o c a t e d  t o  c o i n c i d e  w i t h  r a d i a l  s l o t s  p r o v i d e d  o n  t h e  o u t s i d e  o f  t h e  m a g n e t  
25 
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Flgure 12. Magnet T e m n a l  Boards and Bus B a s  Locallon Dlagram 02;OlL 
f l a n g e s .   T e r m i n a l   i d e n t i f i c a t i o n s ,   w h i c h   a r e   i d e n t i c a l   f o r   t h e   t h r e e   b o a r d s ,  
are shown i n  F i g u r e  13. 
The c u r r e n t  l e a d s  are  a r r a n g e d  as i n d i c a t e d  i n  F i g u r e  9. The f l e x i b l e  
coppe r  l eads  (wi th  pa ra l l e l ed  supe rconduc to r  l eads )  f rom the  start a n d  f i n i s h  
of each module winding a re  b e n t  o n t o  t h e  t e r m i n a l  b o a r d  a n d  are  s o l d e r e d  to a 
shaped  copper  terminal b lock .   Square  0.64-cm copper   bus   bars ,   which  are  i n  
m i l l e d  s l o t s  i n  t h e  B a k e l i t e ,  are  s o l d e r e d   t o   t h i s   t e r m i n a l   b l o c k .  A screw 
s u p p l e m e n t s  e a c h  s o l d e r e d  c o n t a c t  f o r  s a f e t y .  The  bus  bars ,   which are  a t  r i g h t  
a n g l e s  t o  t h e  f l e x i b l e  s t r i p  l e a d s  a n d  s h a p e d  t e r m i n a l  b l o c k s ,  r u n  a l o n g  t h e  
t e r m i n a l  b o a r d  t o  t h e  a p p r o x i m a t e  c e n t e r ,  w h e r e  t h e y  a re  b e n t  o u t  o f  t h e i r  
m i l l e d  s l o t s  t o  a h e i g h t  a b o v e  t h e  t e r m i n a l  b o a r d  t h a t  p e r m i t s  them t o  b e  
p l a c e d  i n  o t h e r  m i l l e d  s l o t s  i n  a ve r t i ca l  l e a d  t r a c k .  T h i s  ve r t i ca l  l e a d  
t r a c k  i s  a 10.2-cm-wide B a k e l i t e  s t r i p  t h a t  s u p p o r t s  t h e  power l e a d s  ( c o p p e r  
s t r ip s   w i th   pa ra l l e l   supe rconduc to r s )   and   t he   0 .64 -cm-squa re   bus   ba r s .  Connec- 
t i o n  i s  made  by so lde r ing  and  by t h e  u s e  of b ind ing  screws a t  t h e i r  j u n c t i o n s  
a t  each   magnet   loca t ion .   Connect ions   be tween  magnets  are made i n  t h e  same 
manner a s  from  magnet t o  o u t s i d e  power s o u r c e ,  i . e . ,  by j u n c t i o n s  t h r o u g h  t h e  
v e r t i c a l  l e a d  t r a c k .  
I f  two o r  t h r e e  o f  t h e  m o d u l e s  o f  a n y  s i n g l e  m a g n e t  a re  t o  b e  c o n n e c t e d  i n  
series, 0.64-cm-square  copper  jumpers are sc rewed  and  so lde red  to  the  bus  ba r s  
as shown i n  F i g u r e  1 2 .  Connections  between  modules of  a m a g n e t ,   t h e r e f o r e ,  are  
n o t  made o n  t h e  v e r t i c a l  l ead  t r a c k .  
Tab le s  I V  th rough V I 1  l i s t  a c t u a l  t e r m i n a l  b o a r d  c o n n e c t i o n s  f o r  t h e  v o l t -  
a g e   l e a d s  of magnets  I through I V Y  r e s p e c t i v e l y .  The f i r s t  v o l t a g e  l e a d s  
l i s t e d   a r e   c o n n e c t e d  a t  t h e   i n n e r  (+) c u r r e n t   c o n t a c t .   S u b s e q u e n t   v o l t a g e  
l e a d s  are  l o c a t e d   p r o g r e s s i v e l y   o u t w a r d   i n   t h e   w i n d i n g s   o f  a module.  The 
n u m b e r s  a s s i g n e d  t o  v o l t a g e  l e a d s  i n  t h e  f i r s t  column r e f e r  t o  a d e s i g n a t i o n  
made a t  t h e  i n i t i a l  w i n d i n g .  Gaps   appear   in   the   number ing   sequence ,   because  
v o l t a g e  l e a d s  w e r e  removed when they   no   longer  were c o n s i d e r e d   n e c e s s a r y .  The 
l o c a t i o n  of  any  g iven  lead ,  as i t  p e r t a i n s  t o  a g i v e n  l e n g t h  of Nb Sn, i s  de- 
s i g n a t e d  o n  t h e  d e t a i l e d  m a g n e t  f a b r i c a t i o n  s h e e t s  a t  t h e  NASA L e w i s  Research  
Cen te r .  For  purposes  o f  nea tness   and  space s a v i n g ,   t h e   o r i g i n a l  numbered 
3 
27 
I 1  I I 111 1111 
I D  I 
1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
I 
02702L 
Figure 13. Terminal Boards I ,  I I ,  and III,Terminal Identifications 
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TABLE I V .  TERMINAL BOARD CONNECTIONS FOR MAGNET I VOLTAGE LEADS 
.... .. 
MODULE A MODULE B MODULE C 
Voltage  Terminal  Terminal  Voltage Terminal Terminal  Voltage Terminal Terminal 
Lead  Board  Lead  Board  Lead  Board 
+E*coi l  
+E*coi l  
2 
8 
9 
11 
1 2  
1 4  
15 
20 
22  
23 
25 
26 
28 
29 
31 
32 
c e n t e r  
contac t  
I11 
I11 
I 
I 
I11 
I1 
I 
I11 
I 
I 
I1 
I 
I11 
I 
I11 
I1 
I1 
I1 
I11 
Dl0 
D9 
B 1  
B2 
34  
B12 
B3 
c2 
A l l  
B 4  
c1 
A 1  2 
B2 
A 1  0 
A6 
c9 
c2 
c 3  
B 8 ,  B9 
+ E * c o i l  
+ E * c o i l  
1 
2 
3 
4 
5 
7 
9 
10  
1 3  
14 
1 5  
16 
1 7  
1 9  
2 2  
24 
26 
29 
I11 
111 
111 
I 
I1 
I11 
I 
I1 
I 
I1 
I 
I1 
I 
111 
111 
I 
I 
I 
I1 
111 
c10 
c11 
D6 
C6 
c11 
Ch 
c1 
c5 
B10 
C6 
D l  
c10 
B 1 2  
D7 
A7  
B 1 1  
A 1  
B6 
D l  1 
c7 
+ E * c o i l  
+Encoil 
1 
3 
4 
5 
7 
8 
10  
11 
1 2  
1 3  
17 
18 
1 9  
20 
2 2  
23 
24 
25 
I11 
I11 
I 
I 
I1 
I 
I11 
I 
I 
I 
I11 
I1 
I11 
I 
I11 
I 
I1 
I11 
I 
I11 
D l  
D2 
D l  2 
c3  
C8 
D6 
C8 
c2 
D7 
D9 
A 1  1 
D9 
B7 
c 4. 
c9 
D3 
D 8  
A 1  
c7 
A10 
TABLE IV. TERMINAL BOARD CONNECTIONS FOR MAGNET I VOLTAGE  LEADS (Cont. ) 
.... 
MODULE A 
Vo 1 t a g e  
Lead 
33 
36 
37 
38 
39 
40 
41 
43 
45 
47 
48 
49 
50 
51  
53 
54 
56 
57 
58 
59 
Terminal 
Board 
I 
I 
I11 
I1 
11 
I 
I 
I 
I11 
I11 
I1 
111 
I1 
I1 
I11 
I 
I 
I1 
I 
I1 
Terminal 
A9 
B 8  
B12 
c4 
B5 
A5 
B5 
c9 
B 1 1  
A5 
D3 
B 1 0  
Dl2 
c12 
A4 
A6 
A7 
D4 
B9 
B7 
MODULE B 
Vol tage  
Lead 
30 
31 
32 
33 
34 
35 
36 
37 
40 
44 
46 
47 
48 
T.erm i n a  1 
Board 
I 
I1 
I11 
I1 
I11 
I1 
I 
I1 
I 
I 
I 
I 
I 
-E C o i l  I11 
- E * c o i l  111 
MRocoil I11 
Terminal 
D5 
c7 
B3 
A 1  2 
A12 
D2 
c12 
A 1  
A4 
A3 
B7 
c5 
A2 
B 1  
c1 
D3,  D4 
MODULE C 
.. 
Vol tage  Terminal 
Lead Board 
26 
c e n t e r  
c o n t a c t  
c e n t e r  
c o n t a c t  
28 
29 
30 
31 
32 
33 
34 
36 
38 
39 
40 
41 
44 
- E * c o i l  
-Emcoil 
FIR-coil 
I 
I1 
I1 
I 
I11 
I 
I 
I11 
I11 
I1 
11 
I 
I11 
I1 
I11 
I 
111 
I11 
I11 
Terminal  
c11 
B 1  
Dl 
D8 
A8 
c10 
D4 
A2 
d11 
D6 
d10 
ca 
A9 
D7 
A3 
D l  0 
c3 
c4 
B5, B6 
TABLE I V .  TERMINAL BOARD CONNECTIONS FOR MAGNET I VOLTAGE LEADS (Cont.)  
1 
I 
.. . . .. 
MODULE A MODULE B . MODULE C 
Voltage  Terminal  Terminal  Voltage  Terminal  Terminal  Voltage  Terminal  Terminal 
Lead  Board  Lead  Board  Lead  Board 
60 I1 D 5  
61 I1 B8 
64 11 B9 
66 11 B6 
-Encoil  I11 c12 
-Eacoi l  I11 D l 2  
MR. c o i l  11 B10, B11 
w 
P 
TABLE V.  TERMINAL BOARD CONNECTIONS FOR MAGNET I1 VOLTAGE LEADS 
Voltage 
Lead 
+E * c o i l  
3 
4 
6 
8 
10 
1 2  
1 4  
16  
18 
c e n t e r  
con tac t  
20 
22 
24 
25 
30 
32 
34 
36 
38 
Terminal 
Board 
.. 
MODULE A 
I11 
I 
I11 
I1 
I 
I1 
I11 
I11 
I 
I11 
I11 
I11 
I11 
I11 
I 
I11 
I1 
111 
I 
I 
Terminal 
A12 
A5 
A4 
A 1  
A 1  0 
A5 
c1 
B4 
A 1  
A 1  
c7 
A 1  1 
c5 
D l  
A4 
D5 
A6 
A2 
A2 
A 1  2 
. O  
MODULE B 
Voltage 
Lead 
+E - c o i l  
+E c o i l  
6 
9 
1 0  
18  
20 
22 
c e n t e r  
c o n t a c t  
25 
28 
29 
32 
33 
34 
35 
31 
40 
4 1  
46 
Term i n a  1 
Board 
I11 
I11 
I 
I 
I 
I1 
I 
I11 
I11 
I 
I1 
I11 
I1 
111 
I11 
I 
I 
I11 
I1 
I11 
Terminal 
B10 
A10 
D l  
B 1 1  
B6 
B5 
B 1 2  
D7  
B6 
B10 
B 1  
B12 
B 1 2  
B3 
A8 
c12 
B2 
A3 
B6 
c12 
Voltage 
Lead 
... 
MODULE C 
+E*co i l  
2 
6 
7 
8 
1 2  
14  
c e n t e r  
c o n t a c t  
1 6  
18 
19  
22 
23 
24 
25 
26 
27 
28 
29 
30 
Terminal 
Board 
I11 
I11 
I11 
I11 
I11 
I1 
I11 
I1 
I 
I 
I11 
I11 
I11 
I 
I11 
I11 
111 
I11 
I11 
I1 
~~ ~~ ~ 
Terminal 
A5 
c11 
D6 
D8 
D l  0 
c11 
A9 
c1  
c2 
c7 
B8 
B7 
B 1 1  
c3 
B9 
D9 
c9 
A7 
d12 
c7 
.. 
TABLE  V.  TERMINAL BOARD CONNECTIONS FOR MAGNET I1 VOLTAGE  LEADS (Cont.) 
.. .. .. . 
MODULE A MODULE B MODULE C 
Voltage  Terminal  Terminal  Voltage Terminal Terminal  Voltage Terminal Terminal 
Lead  Board  Lead  Board  Lead  Board 
39 I1 A2 47 I1 B 1 1  33 I D l  2 
j 40 I11 A 6  4 9  111 c3 36 I D 3  
~ 
44 I A 3  50 I c11 37 111 c11 
w -E*coi l  I11 D l  1 51 I1 B 7  40 I D l  1 
w 
MR*coil I1 All, A 1 2  53 I B3 -E*coi l  111 D3 
induct ive  I1 A 9 ,   A 1 0  63 I B 1  MR-coil I1 C5, C 6  
-E c o i l  I11 D4 i n d u c t i v e  I1 D5, D6 
c o i l  
MR*coil I11 C 2 ,   D 2  
c o i l  
TABLE V I .  TERMINAL BOARD CONNECTIONS FOR MAGNET 111 VOLTAGE LEADS 
MODULE A 
.. . 
Vol tage  
Lead 
+E * c o i l  
+E - c o i l  
3 
22 
29 
39 
B 
C 
D 
-E * c o i l  
-E * c o i l  
MR-coil 
Terminal 
Board 
111 
I11 
111 
I11 
111 
I11 
I1 
I 
11 
111 
I11 
111 
Terminal 
A7 
A 8  
B5 
B4  
A9 
A 4  
c11 
A2 
A 2  
B 1 1  
All 
D5, D6 
MODULE B 
... 
Vol tage  
Lead 
+E c o i l  
+E c o i l  
2 
4 
5 
7 
11 
1 2  
1 3  
15 
18 
1 9  
23 
27 
30 
32 
34 
35 
38 
39 
Term Fna 1 
Board 
111 
I11 
I 
I11 
I11 
111 
I11 
I1 
I1 
III 
I11 
I1 
I11 
I1 
111 
I1 
I 
I1 
I1 
111 
Terminal 
c10 
c11 
B2 
B9 
A6 
c12 
B3 
A 1  
D l 1  
B12 
c9 
B2 
D l  2 
A 1  2 
A10 
B8 
c1 
B 1 2  
C 8  
A6 
MODULE C 
.... 
Vol tage  
Lead 
+E * c o i l  
+E * c o i l  
4 
c e n t e r  
c o n t a c t  
2 2  
B 
C 
-E * c o i l  
- E - c o i l  
Terminal 
Board 
TIT 
i11 
i 
11 
111 
111 
i11 
111 
111 
Terminal 
~~~~ ~ 
r2 
D l  
D8 
c1 
D9 
D l  1 
d10 
D3 
D4 
W 
UI 
I 
TABLE VI. TERMINAL BOARD CONNECTIONS FOR MAGNET 111 VOLTAGE LEADS (Cant. 1 
... 
MODULE A 
... 
MODULE B 
.... 
MODULE C 
Voltage  Terminal  Terminal  Voltage Terminal Terminal  Voltage Terminal Terminal 
Lead  Board  Lead  Board  Lead  Board 
40 I11 B10 
- E * c o i l  I11 c1 
- E * c o i l  I11 c2 
MR*coil  I1 B 7 ,  C 7  
TABLE VII. TERMINAL BOARD CONNECTIONS FOR MAGNET I V  VOLTAGE LEADS 
MODULE A 
Voltage 
Lead 
+ E * c o i l  
+E* c o i l  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10  
1 2  
14 
1 6  
17 
18 
19 
20 
2 1  
22 
Terminal 
Board 
I11 
I11 
111 
I 
111 
I 
I1 
I1 
I11 
I1 
I 
I 
I11 
I1 
I11 
111 
I1 
I1 
I1 
111 
I 
Terminal 
D l  1 
c11 
B3 
D6 
D6 
B7 
A2 
D4 
Dl2 
D9 
B9 
C6 
C 8  
B3 
A 3  
B8 
B10 
A 5  
A4 
A 3  
D l  1 
.... 
MODULE B 
Vol tage  
Lead 
+E.coi l  
+ E -  c o i l  
1 
2 
4 
5 
6 
7 
8 
10 
1 2  
13  
1 4  
1 5  
1 6  
18 
1 9  
22 
23  
24 
c e n t e r  
c o n t a c t  
Terminal 
Board 
111 
111 
I11 
I 
I 
I1 
111 
I11 
I1 
I1 
I 
I11 
I 
111 
I 
I1 
I 
I 
111 
I1 
I11 
Terminal 
c10 
c12 
A l l  
c 2  
D2 
B 1 1  
D3 
A 8  
B 8  
D2 
c 7  
D5 
B3 
D7 
D9 
c1 
Dl 0 
A 1  0 
B 1 1  
c4 
A5 
MODULE C 
Vol tage  
Lead 
+ E * c o i l  
+ E * c o i l  
2 
3 
5 
8 
9 
1 2  
14 
1 6  
18 
1 9  
2 1  
c e n t e r  
c o n t a c t  
25 
27 
28 
29 
31 
32 
Terminal 
Board 
I11 
I11 
I1 
111 
I11 
I1 
I1 
111 
I 
I1 
I1 
I1 
I11 
I1 
I 
I 
I 
I11 
111 
I1 
Terminal 
D l  
A4 
D6 
A l l  
B7 
d11 
C6 
D l  0 
A4 
B9 
c 1 2  
D l  2 
C6 
D l  
C 8  
D l  
A9 
B6 
A 1  0 
c9 
TABLE VII. TERMINAL BOARD CONNECTIONS FOR MAGNET I V  VOLTAGE LEADS (Cont.) 
.... . 
MODULE A MODULE B MODULE C 
Voltage  Terminal  Terminal  Voltage Terminal Terminal  Voltage Terminal Terminal 
Lead  Board Lead Board  Lead  Board 
23 111 E1 
24  I D5 c e n t e r  
26 I1 B5 
28 I1 c10 25 
29 I1 B 4  2 7  
30 I1 B2 28 
31 I1 c3 29 
contac t  
W 
4 
32 I1 c4 
30 
31 
32 
c e n t e r  I11 B9 33 
contac t  
34 
c e n t e r  I11 A9 35 
contac t  
36 
33 I11 A 1  37 
34 I A5 38 
35 I1 c2 39 
36 I1 c5 40 
38 I c10 4 1  
39 I11 A5 4 2  
40 I c5  43 
I11 
I 
I11 
I 
I11 
I 
I1 
I1 
I1 
I 
I11 
I 
I11 
I 
I1 
111 
I1 
I1 
I 
A6 
c12 
A7 
A 1  
c5 
c9 
c11 
A l  
A8 
A 1  2 
c9 
A3 
D 8  
A l l  
A9 
B2 
A12 
A3 
A6 
34 i d12 
36 i B 8  
38 11 B12 
39 1 c1 
42 1 B4 
43 1 c 3  
44 1 c4 
45 1 B 1  
46 1 D4 
-Emcoil 111 c 3  
-E ; c o i l  111 A2 
MROcoil 1 D7, D8 
TABLE VII. TERMINAL BOARD CONNECTIONS FOR MAGNET I V  VOLTAGE LEADS (Cont.) 
MODULE A 
.... 
MODULE B MODULE C 
Voltage  Terminal   Terminal   Voltage Terminal  Terminal   Voltage Terminal  Terminal  
Lead  Board  Lead  Board  Lead  Board 
4 1  
4 2  
44 
45 
46 
47 
49 
03 50 
51 
52 
53 
54 
56 
58 
59 
64 
66 
-E c o i l  
- E * c o i l  
MR*coil 
w 
I11 
I11 
I1 
I1 
I1 
I 
I1 
I11 
I 
I1 
I 
I11 
I1 
I1 
I1 
I1 
I1 
I11 
111 
I1 
c1 
D4 
B 1  
D5 
Dl0 
c11 
A 1  0 
c7 
D3 
D3 
A5 
D 2  
B6 
A 6  
c7 
A7 
B 7  
B 1 2  
A 1  2 
D 7 ,  D 8  
44 
45 
47  
48 
49 
52 
53 
54 
55 
- E - c o i l  
- E * c o i l  
MR-coil  
i 
i 
1 
111 
1 
1 
111 
1 
111 
111 
111 
1 
A7 
B6 
B2  
c2 
A2 
A 8  
B10 
B10 
D9 
B4  
c4 
B 1 1 ,  B12 
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c o d i n g  t a g s  o n  t h e s e  v o l t a g e  l e a d s  were removed.   Vol tage   l eads  now can  be  iden -  
t i f i e d  by t h e i r  t e r m i n a l  b o a r d  c o n n e c t i o n s ,  as shown i n  Tab les  I V  t h rough  V I I .  
The c o n n e c t i o n  t a b l e s  show t h a t  some modu les  con ta in  a "center c o n t a c t ' '  
p o i n t .  T h i s  p o i n t  r e f e r s  t o  a c e n t r a l  p o r t i o n  of t h e  w i n d i n g s  a t  which a 
c u r r e n t  c o n t a c t  i n i t i a l l y  w a s  p l a n n e d  t o  p r o v i d e  f l e x i b i l i t y  i n  h o o k u p .  T h i s  
extra c o n t a c t  w a s  e l i m i n a t e d  la ter  f o r  s i m p l i c i t y ,  a n d  i n  no case is  t h e  cen- 
ter  c o n t a c t  u s e d  o r  b r o u g h t  o u t  t o  a n y  t e r m i n a l  b o a r d .  V o l t a g e  l e a d s  a t  t h e  
o u t e r  c o n t a c t  are d e s i g n a t e d  as -E*co i l .   On ly   one   +E-co i l   ( i nne r )   and   one  
- E * c o i l  ( o u t e r )  l e a d  u s u a l l y  are b rough t  ou t  f rom the  Dewar  t o  m o n i t o r  t h e  
v o l t a g e  a c r o s s  a module  and t o  r e g u l a t e  t h e  power   supply .   P ins   des igna ted  
"Mr'Coil" provide e lec t r ica l  c o n n e c t i o n s  t o  a m a g n e t o r e s i s t i v e  c o i l  wound on 
t h e  i n n e r  d i a m e t e r  o f  t h e  m o d u l e s .  T h e  M r - c o i l s  p r o v i d e  s i g n a l s  r e l a t e d  t o  
l o c a l  m a g n e t i c  f i e l d s .  The  remaining  leads w i l l  b e   u s e d   o n l y   t o   h e l p   l o c a t e  
t r o u b l e  areas. 
The d o t s  a b o v e  t h e  m o d u l e  d e s i g n a t i o n s  i n  t h e  h e a d i n g s  of t h e  t a b l e s  r e f e r  
t o  small h o l e s   d r i l l e d   i n   e a c h   m o d u l e .  The d o t s   ( a n d   h o l e s )  are a c o d e   t o  
i d e n t i f y  a p a r t i c u l a r  module .   These   des igna t ions   a re  shown a l s o  i n  T a b l e  I. 
C .  OUTSIDE CONNECTIONS 
C u r r e n t  c o n n e c t i o n s  t o  t h e  o u t s i d e  w o r l d  are  made a t  each  magne t  l oca t ion  
by in t e rconnec t ing  the  0 .64 -cm-squa re  bus  ba r s  f rom the  t e rmina l  boa rd  to  
s t r i p s  of a coppe r - supe rconduc to r  combina t ion  tha t  e i the r  come down from  con- 
n e c t i o n s  a t  t h e  D e w a r  t o p  o r  from o the r   magne t s .  The  Dewar top   connec t ion  
then   can   be  made t o  t h e  power s u p p l i e s ,  as i l l u s t r a t e d  i n  F i g u r e  1 4 .  Vo l t age  
a n d  d i a g n o s t i c  c o n n e c t i o n s  a re  made  by i n t e r c o n n e c t i n g  a c a b l e  coming  through 
t h e  D e w a r  t o p  d i r e c t l y  t o  t h e  m a g n e t  t e r m i n a l  b o a r d s .  
D. POWER  SUPPLY 
The  power supply  sys tem i s  t h e  same s y s t e m  t h a t  w a s  s u p p l i e d  f o r  t h e  1 4 -  
Tesla, 15-cm-bore  magnet  under  contract  NAS 3-7101. ( 7 9 8 )  The o p e r a t i o n  a n d  
7 .  Superconductive  Magnet-  System.,  l4-Tes1ay 15-Cm-Bore, C o n t r a c t  NAS 3-7101, 
NASA Con t rac to r  Repor t  NASA"CR-1260, January 1969.  
8. C o n t r a c t  NAS 3-7101,   Operat ion  and  Maintenance  Technical   Manual ,  
August  1967. 
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Flgure 14. Cabl ing Diagram 
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m a i n t e n a n c e   t e c h n i c a l   i d e n t i f i e s   t h e   j u n c t i o n s   a db a r r i e r - s t r i p  
c o n n e c t o r s  r e f e r e n c e d  i n  F i g u r e  1 4 .  
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SECTION I V  - . 
TEST RESULTS 
A. GENERAL  DISCUSSION 
The h ighes t  f i e ld  deve loped  by  the  comple t e  a s sembly  o f  fou r  magne t s  w a s  
5 .9  Teslas; t h e  d e s i g n  o b j e c t i v e  of 7.2 Teslas w a s  no t   ach ieved .   The   purpos t  
o f  t h i s  s e c t i o n  is  t o  d e s c r i b e  s a l i e n t  f e a t u r e s  of  t h e  c o n s i d e r a b l e  test pro-  
gram  and t o  a n a l y z e  t h e  r e s u l t s  i n  t h e  amount  of d e t a i l  n e c e s s a r y  t o  extract 
k n o w l e d g e a b l e  c o n c l u s i o n s  f o r  t h e  b e n e f i t  o f  o t h e r s  a t t e m p t i n g  similar under- 
t a k i n g s .  
T h i ,  p r o j e c t  s h o u l d  b e  p l a c e d  i n t o  i t s  p r o p e r  p e r s p e c t i v e  w i t h  r e s p e c t  t o  
t h e  s t a t e  of t h e  a r t  o f  superconduct ive  magnets  f rom the  time of c o n c e p t i o n  
u n t i l  r e c e n t  f i n a l  t e s t i n g .  The objec t ive   7 .2-Tes la   magnet ,   which   was   to   be  
p a r t  o f  a plasma  containment   system, was t h e  r e s u l t  o f  a l o g i c a l  series of 
s tudy   and   ha rdware   e f fo r t s   founded   by  NASA and RCA. This   sequence   involved  
magnets  ranging from small test  c o i l s  t o  t h e  15-cm-bore, 14-Tesla magnet  begun 
i n  e a r l y  1 9 6 5  a n d  t e s t e d  s u c c e s s f u l l y  i n  1 9 6 7 .  The e s s e n c e  of  the   deve lopment  
was t o  a t t e m p t  t o  a c h i e v e  v e r y  h i g h  c u r r e n t  d e n s i t i e s  i n  t h e  c o i l - w i n d i n g  
volumes a t  h i g h  m a g n e t i c  f i e l d s .  
A s  magne t s  became  l a rge r ,  w i th  accompany ing  h ighe r  deg rada t ions  o f  co i l  
c r i t i c a l  c u r r e n t s ,  i t  b e c a m e  n e c e s s a r y  t o  d i l u t e  t h e  w i n d i n g s  w i t h  h e a v i e r  
s t a b i l i z i n g  s i l v e r  o r  coppe r   coa t ings   on   t he   supe rconduc to r .  The d e s i g n  
c r i t e r i a  f o r  t h e  p r e s e n t  c o n t r a c t ,  w h i c h  s t a r t e d  i n  mid-1965, were based  upon 
t h e  c r i t e r i a  f o r   t h e   1 4 - T e s l a   m a g n e t   s t a r t e d  ear l ie r  t h a t  y e a r .  By t h e  time 
t h a t  e a r l i e s t  test  r e s u l t s  on t h e  15-cm-bore magnet became available,  con- 
s t r u c t i o n  a l r e a d y  had  begun  on  the 50-cm magnets .  A t  t h a t  time, t h e r e  were 
i n d i c a t i o n s  t h a t  d e g r a d a t i o n  would  be  more o f  a problem than was a n t i c i p a t e d  
o r i g i n a l l y ,  a n d  means t o  a l l e v i a t e  t h i s  e f f e c t  i n  t h e  50-cm magnet w e r e  con- 
s i d e r e d .  
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I t  was r e c o g n i z e d  f u l l y  t h a t  t h e  p r o b l e m  o f  d e g r a d a t i o n  c o u l d  b e  s o l v e d  
b y  a d d i t i o n a l  s t a b i l i z i n g  means  on  the  r ibbon  ( e .g . ,  add i t iona l  coppe r  and  
l i q u i d  h e l i u m  a c c e s s ) ,  b u t  t h e r e  was n o  a s s u r a n c e  t h a t  t h e  n e c e s s a r y  c u r r e n t  
d e n s i t y   c o u l d   b e   a c h i e v e d .   B e c a u s e   o f   s p a c e   l i m i t a t i o n s ,   a d d i t i o n a l   s t a b i l i z a -  
t i o n  was imposs ib l e   w i thou t  a ma jo r   change   i n   des ign .   O the r   t echn iques  were 
u s e d  t o  a t t e m p t  t o  i m p r o v e  s t a b i l i t y  w i t h o u t  c a u s i n g  l a r g e  p e r t u r b a t i o n s  i n  t h e  
p r o j e c t .  
The f i r s t  t e c h n i q u e  w a s  t o  change  the  me thod  o f  w ind ing  f ab r i ca t ion  to  
i n c l u d e  t h e  u s e  o f  h i g h - r e s i s t a n c e  ( p h o s p h o r - b r o n z e )  s h o r t i n g  s t r i p s  i n  p l a c e  
of   copper .   This   approach   resu l ted   f rom tests a t  RCA, which  showed t h a t   t h e  
p r o t e c t i v e  s h u n t i n g  e f f e c t  o f  c o p p e r  i n  l a r g e  m a g n e t s  was accompanied by an 
adve r , se  deg rad ing  e f f ec t ,  wh ich  w a s  a t t r i b u t e d  t o  excessive h e a t i n g  i n  the 
wind ings .   Excess ive ly   l ong   cha rg ing  times were r e q u i r e d   t o   r e d u c e   t h i s   h e a t -  
ing   o f   the   copper .  The s i n g l e  m o d u l e  a l r e a d y  wound w i t h  c o p p e r  s h o r t i n g  s t r i p s  
w a s  rewound,   therefore ,   us ing   phosphor-bronze ,   and   subsequent   fabr ica t ion   of  
the  remainder  of  the  magnet  fo l lowed accord ingly .  
The second technique ,  sugges ted  by NASA p e r s o n n e l ,  was t o  u s e  s u p e r f l u i d  
he l ium  fo r   improved   coo l ing .   Th i s   app roach   r equ i r ed   mod i f i ca t ion  o f  t h e  tes t  
t e c h n i q u e s  b u t  d i d  n o t  r e q u i r e  a c h a n g e  i n  f a b r i c a t i o n .  
A thi rd improvement  was i n s t i t u t e d  o n  o n e  o f  t h e  f o u r  m a g n e t s  b y  c l a d d i n g  
t h e   r i b b o n   w i t h   c o p p e r ,   i n s t e a d   o f   t h e  s i l ve r  p l a t i n g .  Tests on small c o i l s  
h a d  i n d i c a t e d  t h a t  t h e  l o w e r  r e s i s t i v i t y  a n d  t h e  h i g h e r  h e a t  c a p a c i t y  o f  t h e  
c o p p e r - s o l d e r  c o m b i n a t i o n  w o u l d  y i e l d  c u r r e n t  d e n s i t i e s  a t  least  e q u a l  t o  
t h o s e  a c h i e v e d  w i t h  t h e  s i l v e r - p l a t e d  mater ia l ,  w i t h  t h e  a d d i t i o n a l  b e n e f i t  
o f  i m p r o v e d  c h a r g i n g  c h a r a c t e r i s t i c s .  
The   fo l lowing   da ta  a re  p r e s e n t e d  as  a summary o f   t he  tests. Ana lys i s   o f  
t h e  d a t a  a n d  c o n c l u s i o n s  t h e r e f r o m  a l s o  are i n c l u d e d .  
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The term "pumped c o n d i t i o n s ' '  is u s e d   i n   s u b s e q u e n t   p a r a g r a p h s .   T h i s  term 
r e f e r s  t o  t h e  c o n d i t i o n s  u n d e r  w h i c h  p r e s s u r e  i n  t h e  Dewar was r e d u c e d  t o  some 
p r e s s u r e  b e l o w  a t m o s p h e r i c  p r e s s u r e  t o  r e d u c e  t h e  h e l i u m  b a t h  t e m p e r a t u r e .  
B. TEST SUMMARY 
F o r t y - s i x  s e p a r a t e  tests were conducted on modules,  magnets,  and combina- 
t i o n s  o f  m a g n e t s .  D e t a i l e d  d a t a  are a v a i l a b l e  a t  NASA i n  t h e  form of s t r i p -  
c h a r t  p l o t s ,  w h i c h  c o m p r i s e  a v o l u m i n o u s  c o l l e c t i o n  t h a t  is n o t  i n c l u d e d  
i n  t h i s  r e p o r t .  T a b l e  V I I I , h o w e v e r ,  c o n t a i n s  a summary of t h e   a p p r o x i m a t e   c u r -  
r e n t s   a n d   m a g n e t i c   f i e l d s   d e v e l o p e d   d u r i n g   e a c h  test. I n   m o s t  cases, tests 
were d e s i g n a t e d  f o r  c o n v e n i e n c e  of i d e n t i f i c a t i o n  a t  t h e  time o f  t e s t i n g .  
These tests are i n c l u d e d  i n  T a b l e  V I 1 1  as a c t u a l  tes t  number (ATN) t o  p e r m i t  
c r o s s  r e f e r e n c i n g  t o  t h e  s t r i p  c h a r t s  a n d  d a t a - s h e e t s .  B e c a u s e  ATN's  are n o t  
a l w a y s  d i s t i n g u i s h a b l e  e x c e p t  b y  i n c l u s i o n  o f  t h e  tes t  d a t a ,  a r e p o r t  test 
number (RTN) w a s  added  to  Table  V I 1 1  t o  f a c i l i t a t e  d i s c u s s i o n  w i t h i n  t h i s  re- 
p o r t .  All s u b s e q u e n t   r e f e r e n c e s   t o  tests, t h e r e f o r e ,  w i l l  be  t o  t h e  RTN i n  
t h e  f i r s t  column of Table V I I I .  
A t  t h e  ear l ie r  da tes ,  modules  somet imes  were t e s t e d  i n d e p e n d e n t  o f  a n y  
magnet  conf igura t ion  and  were n o t  a s s o c i a t e d  a t  t h a t  time w i t h  a n y  o t h e r  
modules .   Table  V I 1 1  i d e n t i f i e s  i n d e p e n d e n t  tests of   modules   a lone  by A ,  B ,  o r  
C and a n u m b e r  c o r r e s p o n d i n g  t o  t h e  c o d e  o f  t h e  d r i l l e d  h o l e s  i n  t h e  f l a n g e s  
(e .g . ,   module B-3 is a B m o d u l e  w i t h  t h r e e  c o d i n g  h o l e s ) .  The  magnet t h a t  
even tua l ly  ended  up  con ta in ing  a given module can be determined from Table  I, 
w h i c h   r e l a t e s   t h e   m a g n e t   l o c a t i o n s   o f  a l l  modules .   Table  V I I I ,  t h e r e f o r e ,  w i l l  
c o n t a i n  e i t h e r  t h e  m a g n e t  number or  the  module  number .  
The  power s u p p l y  c u r r e n t  a t  no rma lcy  in  each  modu le  o r  g roup  o f  modu les  
i s  g i v e n  i n  T a b l e  V I 1 1  a l o n g  w i t h  a n  estimated c u r r e n t .  Power s u p p l y  c u r r e n t  
was r e a d   d i r e c t l y   f r o m   c h a r t   r e a d i n g s   o f   c a l i b r a t e d   s h u n t s .   E s t c m a t e d   c u r r e n t  
w a s  an  approximat ion  obta ined  by  employing  bes t  judgement  and  us ing  va lues  of  
t h e  m e a s u r e d  d e v e l o p e d  c e n t r a l  f i e l d  (B ) and  the  approx ima te  Tes l a s / ampere  
r a t ings   o f   t he   modu les   and   magne t s .   D i f f e rences   be tween  power s u p p l y  c u r r e n t s  
a n d  a c t u a l  c o i l  c u r r e n t s  are  d u e  t o  t h e  l a r g e  i n d u c t a n c e s  o f  t h e  w i n d i n g s ,  
0 
45 
TABLE VIII. S L i W W 3  OF  TEST DATA 
16 9 1 1 7  1 10 
20 11-3 
21** 11-4 
I 22 I 11-5 I 23 I , 111-11 - 
24 1 11-1P 
25** , 11-ZP 
I 
" 
Module/ 
Magnet 
Dcsig. 
A- 2 
A- 4 
A- 4 
A- 2 
A- 2 
A- 2 
A-4 
111' 
111' 
111' 
111' 
111' 
111' 
111' 
111' 
111' 
111' 
I1 
I1 
I1 
I1 
I1 
A'-3 
I1 
I1 
Test 
Date 
3130167 
3/31/67 
3/31/67 
3/31/67 
3/31/67 
3/31/67 
3/31/67 
8/15/67 
8/15/67 
8/16/67 
8/16/67 
8/16/67 
8/16/67 
8/16/67 
8/17/67 
8/17/67 
8/17/67 
9/05/67 
9/06/67 
9/06/67 
9/07/67 
9/07/67 
9/08/67 
LO/10/67 
10/11/67 
Power Supply Current 
a t  Module (A) 
A 
98.0 
98.0 
87 .O 
98.0 
92.0 
108.0 
85.0 
54.0 
0.0 
0 .0  
46.0 
0.0 
0.0 
51.0 
95.0 
0.0 
70.0 
80.0 
40.0 
40.0 
90.0 
85.0 
87.0 
65.0 
102.0 
B 
- 
- 
- 
- 
- 
- 
- 
54.0 
0.0 
10.0 
0.0 
54.0 
0.0 
49.0 
0.0 
0.0 
50.0 
76.0 
41.0 
80.0 
70.0 
70.0 
- 
56.0 
101.0 
C 
- 
- 
- 
- 
- 
- 
- - 
54.0 
10.0 
0.0 
0.0 
0.0 
52.0 
52.0 -
0.0 
80.0 
0.0 
80.0 
88.0 
71.0 
71.0 
73.0 
- 
58.( 
104.( 
Estimated Current 
A 
- 
- 
- 
- 
- 
- 
- 
32.4 
0.0 
0.0 
- 
0.0 
0.0 
38.0 
40.0 
0.0 
38.0 
59.0 
39.5 
40.0 
88.0 
81.2 
68.0 
48.5 
100.0 
Module' 
B 
- 
- 
- 
- 
- 
- 
- 
32.4 
0.0 
2.0 
0.0 
0 .0 
14.0 
0.0 
0.0 
50.0 
56.0 
40.5 
77.0 
70.0 
67.0 
- 
42.0 
100.0 
A) 
C 
- 
- 
- 
- 
- 
- 
- 
32.4 
2.0 
0.0 
0.0 
0.0 
52.0 
43.0 
0.0 
36.0 
0.0 
59.0 
82 .o 
70.5 
71.0 
69.6 
- 
43.5 
100.0 
Measured 
F ie ld  
0 )  
- 
- 
- 
- 
- 
- 
- 
1 . 5  
- 
- 
- 
- 
- 
1.57 
0.8 
0.4 
1.53 
2.5 
2 . 2  
2.6 
3.4 
3.23 
1.45 
1.97 
4.4 
F ie ld  
Factor  
- 
- 
- 
- 
- 
- 
- 
0.60 
- 
- 
- 
- 
- 
0.71 
0.42 
0.45 
0.70 
0.72 
0.96 
0.97 
0.98 
0.95 
0.83 
0.75 
0.98 
" 
Temp. 
a t  
iormalcy 
(OK) 
4.2 
4 .2  
4.2 
4 . 2  
4.2 
4 . 2  
4 . 2  
4 . 2  
4 . 2  
4 . 2  
4.2 
4.2 
4 . 2  
4.2 
4 .2  
4.2 
4.2 
4.2 
4 . 2  
4.2 
4.2 
4.2 
4.2 
2.13 
1.92 
Normalcy 
Forced 
Yes 
Yes 
No 
Yes 
Yes 
Forced 
No 
No 
No 
No 
No 
NO 
NO 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes ~ 
Yes 
TABLE VIII. SUMMARY OF TEST DATA  (Cont.) 
Power Supply  Current 
at Module (A 
Estimated  Current Temp. 
at 
Normalcy 
(OK) 
4.2 
4.2 
4.2 
1.85 
1.92 
4.2 
4.2 
4.2 
4.2 
1.9 
4.2 
4.2 
4.2 
1.85 
1.78 
4.2 
1.80 
4.2 
2.3 
Actual 
Test 
No. 
Module/ 
Magnet 
Desig. 
!leaswed 
Field 
( 0  
) .- 
C 
in Module* Report 
Test 
No. 
26 
27 
28** 
29 
30** 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40C** 
40D** 
Test 
Date 
Normalcy Field 
Factor 
0.87 
0.83 
0.83 
0.85 
0.98 
0.70 
0.63 
0.67 
0.71 
0.86 
0.69 
0.80 
0.65 
0.84 
0.88 
0.84 
0.91 
0.91 
0.76 
A 
40.0 
91.0 
62.0 
27.0 
95.0 
93.0 
40.0 
40.0 
70.0 
83.0 
80.0 
40.0 
40.0 
73.5 
78.0 
75.0 
49.0 
52.5 
84.0 
84.0 
71.5 
71.5 
62.0 
62.0 
21.0 
21.0 
B 
80.0 
0.0 
58.0 
32.0 
80.0 
0.0 
82.5 
40.0 
52.0 
71.5 
0.0 
100.0 
40.0 
93.0 
78.0 
75.0 
49.0 
52.5 
84.0 
84.0 
71.5 
71.5 
62.0 
62.0 
21.0 
21.0 
A B 
I11 
I11 
I11 
111 
111 
11/27/67 
11/27/67 
11/28/67 
11/29/67 
11/30/67 
111-1 
111-2 
111-3 
111-4 
111-5 
1-1 
1-2 
1-3 
1-4 
1-5 
0.0 
0.0 
52.0 
68.0 
51.5 
0.0 
0.0 
80.0 
50.0 
90.0 
40.0 
75.0 
52.0 
24.0 
92.0 
65.0 
31.0 
34.0 
57.0 
76.0 
68.0 
0.0 
48.0 
27.0 
78.0 
0.0 
44.0 
23.0 
33.0 
63.0 
0.0 
0.0 
42.0 
58.0 
50.0 
0.0 
0.0 
46.0 
28.0 
60.0 
1.82 
1.5 
2.26 
1.55 
3.64 
1.36 
1.34 
1.57 
2.00 
3.20 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
6/03/60 
6/04/66 
6/04/60 
6/04/66 
6/05/68 
IV-1 
IV-2 
IV-3 
IV-4 
IV 
IV 
IV 
IV 
6/05/68 
6/05/68 
6/06/68 
6/14/68 
0.0 
0.0 
80.0 
78.5 
56.0 
39.0 
37.0 
70.0 
0.0 
77.0 
30.0 
82.0 
0.0 
0.0 
40.0 
41.0 
1.10 
2.0 
1.6 
3.17 
Yes 
Yes 
Yes 
Yes 
6/15/68 
6/16/68 
6/17/68 
6/18/68 
5.20 
3.28 
5.8 
5.0 
Yes 
Yes 
Yes 
Yes 
I, IV-1 
I, IV-2 
I, IV-3 
I,  IV-4 
75.0 
52.5 
80.0 
71.S 
71.5 
~ 
3.95 
I 
IV 
I1 
I11 
62.0 
62.0 
21.0 
21.0 
11/4/68 1 Yes 
TABLE VIII. S W Y  OF TEST  DATA  (Cont.) 
r - Temp. 
at 
Normalcy 
(OK) 
Power  Supply  Current Estimated  Current 
at Module (A) in  Module*  (A) - 
1 
” - 
Actual 
Test 
No. 
Module/ 
Magnet 
Des ig . 
Measured 
Field 
(T) 
Leport 
Test 
No. 
- 
42 
43** 
44 
45 
46 
Test 
Date 
Normalcy Field 
Factor 
R C C  A 
59.0 
59.0 
32.0 
27.0 
77.5 
77.5 
33.0 
30.0 
54.0 
54.0 
65.0 
16.0 
t I IV 
I1 
111 
I 
1v 
I1 
111 
I 
IV 
I 1  
111 
4.75 
5.93 
5.1 
3.0 
1.8 
1.8 
1.16 
1.85 
0.93 
0.90 
0.93 
Yes 
Yes 
Yes 
Yes 
Yes 
11/06/68 
11/07/68 
11/12/68 
1 
I 11/13/68 
I 
I 
I 11/14/68 
! 
I 4  60.0 j 60.0 
65.0 i 65.0 
44.0 ; 44.0 
I 
1 5  
73.8 
73.8 
43.7 
38.6 
70.5 
70.5 
4.5 
73.8 
73.8 
43.7 
38.6 
70.5 
70.5 
4.5 
5.87 1 0.91 
! 
! 
I 
4’65 ~ Oa80 
I 
I V  
I1 
111 
6 
3.1 , 3.1 
*Close  coupling  among  magnets  prevented  estimating  module  currents for  tests 40 through  46. 
I 
I **Described  in  more  detail i n  text. 
w h i c h  f o r c e  s i g n i f i c a n t  p o r t i o n s  o f  t h e  a p p l i e d  c u r r e n t  i n t o  t h e  s h o r t i n g  
s t r i p s .  The s t rong   i nduc t ive   coup l ing   be tween   modu les   and   magne t s   p rec luded  
knowing t h e  i n s t a n t a n e o u s  r e l a t i o n s h i p  b e t w e e n  a p p l i e d  a n d  a c t u a l  c u r r e n t s .  
Reasonable  estimates o f  a c t u a l  m o d u l e  c u r r e n t s  were obta ined  only  by  back-  
c a l c u l a t i o n  f r o m  t h e  d e v e l o p e d  c e n t r a l  f i e l d .  The  column i n  T a b l e  V I 1 1  des ig -  
n a t e d  " F i e l d  F a c t o r "  g i v e s  t h e  r a t i o  of m e a s u r e d  f i e l d  o v e r  t h e  f i e l d  t h a t  
w o u l d  h a v e  b e e n  a t t a i n e d  i f  a l l  power s u p p l y  c u r r e n t  h a d  b e e n  c r e a t i n g  t h e  
m a g n e t i c   f i e l d .  Where cha rg ing  was v e r y   s l o w ,   t h i s   f i e l d   f a c t o r   a p p r o a c h e s  
u n i t y .  The l a s t  column i n d i c a t e s  t h e  t e m p e r a t u r e  of t h e   h e l i u m   b a t h  a t  nor-  
malcy,  as de termined  by  vapor-pressure  readings  when n o t  a t  a tmosphe r i c  p re s -  
s u r e .  
I n  some c a s e s ,  t h e  tests were conducted  to  check  magnet  parameters  (e .g . ,  
e f f e c t i v e  r e s i s t a n c e  of s h o r t i n g  s t r i p s )  a n d  i n s t r u m e n t a t i o n  f o r  scale  and 
p o l a r i t y ,   r a t h e r   t h a r ,   t o   d e t e r m i n e  c r i t i c a l  c u r r e n t s .  When t h e  c r i t i c a l  cu r -  
r e n t  o f  a s i n g l e  m o d u l e  i n  a magnet w a s  t o  b e  d e t e r m i n e d ,  t h e  c u r r e n t s  of  t h e  
o t h e r  m o d u l e s  o f t e n  were k e p t  t o  a very  low  value.   Normalcy  sometimes  occurred 
w h i l e   t r a n s f e r r i n g   h e l i u m   a n d   c h a n g i n g   t h e   t e m p e r a t u r e .  The fo l lowing   pa ra -  
g raphs  w i l l  e x p l a i n  b r i e f l y  t h e  m o r e  i m p o r t a n t  r e a s o n s  f o r  w h i c h  t h e  tests 
were conducted so as t o  make t h e  r e s u l t s  more meaningful .  
1. TESTS 1 THROUGH 7 
Tests 1 through 7 were p e r f o r m e d  t o  o b t a i n  p r e l i m i n a r y  d a t a  on t h e  
f i r s t  a v a i l a b l e  m o d u l e s  a n d  t o  e s t a b l i s h  t es t  p r o c e d u r e s  f o r  t h e  r e m a i n d e r  of 
the   p rogram.   The   modules   in   th i s   g roup  of  tests were n o t  t e s t e d  f o r  m a g n e t i c  
f i e l d  a n d  t r u e  c r i t i c a l  c u r r e n t .  B e c a u s e  d a t a  o f  a n y  s i g n i f i c a n c e  are n o t  
a v a i l a b l e ,  t h i s  g r o u p  o f  tests w i l l  n o t  b e  d i s c u s s e d  i n  f u r t h e r  d e t a i l .  
2 .  TESTS 8 THROUGH 1 4  
Magnet I11 was t h e  f i r s t  c o m p l e t e  a s s e m b l y  o f  t h r e e  m o d u l e s  a v a i l a b l e  
f o r  t e s t i n g .  A s  w i t h  tests 1 through 7 ,  t h i s   g r o u p  of tests r e p r e s e n t s   a n  
e f f o r t  t o  o b t a i n  i n i t i a l  d a t a  as a g u i d e  t o  l a t e r ,  more  complete  magnet tests.  
The l a r g e  i n d u c t a n c e  o f  a s i n g l e  m a g n e t ,  c o u p l e d  w i t h  t h e  s h o r t i n g  o f  l a y e r s ,  
r e s u l t e d  i n  less r e s p o n s e  b e t w e e n  a p p l i e d  c u r r e n t  a n d  d e v e l o p e d  f i e l d  t h a n  
49 
I .  
was a n t i c i p a t e d   o r i g i n a l l y .  None o f   t h e s e  tests were t aken   t o   no rma lcy ;   t hey  
m o s t l y  i n v o l v e d  a t t e m p t s  t o  a n a l y z e  c u r r e n t  a n d  f i e l d  c h a r a c t e r i s t i c s  as a 
r e s u l t  o f  s p e c i f i c  a n d  v a r i e d  v o l t a g e  c h a n g e s .  
Test 1 4  was conduc ted  wi th  pe r iod ic  r educ t ions  o f  modu le  vo l t ages  to  
z e r o   t o   o b s e r v e   t h e   a p p r o a c h   t o   t i m e - e q u i l i b r i u m   c u r r e n t s   i n   t h e   w i n d i n g s .  I t  
became  obvious a t  t h i s  p o i n t  t h a t  q u i t e  l o n g  p e r i o d s  o f  time (hours-)   would  be 
r e q u i r e d  u n d e r  c o n d i t i o n s  o f  ' ' c u r r e n t  h o l d "  b e f o r e  t r a n s p o r t  c u r r e n t  i n  t h e  
windings would approximate that  f rom the power supply.  
3 .  TESTS 1 5  THROUGH 1 7  
H a v i n g  o b t a i n e d  g e n e r a l  c h a r a c t e r i s t i c s  o f  t h e  s y s t e m  i n  tests 8 through 
1 4 ,  tests 1 5  through 1 7  were c o n d u c t e d  t o  o b t a i n  e s t i m a t e d  v a l u e s  of t r a n s p o r t  
c u r r e n t   f o r   m a g n e t  111. I n  test  15,  modules B and C were unpowered  and mod- 
u l e  A was b rough t  up to   no rma lcy .   In  t e s t  1 6 ,  A and B were k e p t  a t  z e r o  w h i l e  
C was brought   up   to   normalcy .  As can  be  seen  f rom  Table  VIII, less than  one- 
h a l f  o f  t h e  p o w e r  s u p p l y  c u r r e n t  c a n  b e  c o n s i d e r e d  as a c t u a l l y  d e v e l o p i n g  a 
c e n t r o i d  f i e l d .  It  w a s  i m p o s s i b l e   t o   e s t a b l i s h   w h a t   p a r t   o f   t h e   r e m a i n i n g  
m o d u l e  c u r r e n t  a l s o  was t r a n s p o r t  c u r r e n t  b u t ,  d u e  t o  r e v e r s e d  i n d u c t i o n  i n  
the  unpowered  modules,   had i t s  f i e l d  c o n t r i b u t i o n  n e g a t e d .  
E x p e r i e n c e  w i t h  many supe rconduc t ive  magne t s  has  shown t h e  p o s s i b i l i t y  
o f  f i e l d  s t a b i l i z a t i o n  t o  d e c r e a s e  d e g r a d a t i o n ;  a c c o r d i n g l y ,  t e s t  1 7  was run 
t o   s u b j e c t   m o d u l e  A t o  a background  f ie ld   f rom B.  T h e   e s t i m a t e d   c r i t i c a l   c u r -  
r e n t  o f  A ,  however,  showed l i t t l e  d i f f e r e n c e ,  p r o b a b l y  d u e  t o  t h e  f a c t  t h a t  
o n l y  p a r t  o f  t h e  w i n d i n g s  o f  A were s u b j e c t  t o  a n y  s i g n i f i c a n t  b a c k g r o u n d  
f i e l d  d u e  t o  t h e  small c r o s s  s e c t i o n  o f  t h e  B w ind ings .  
4 .  TESTS 18 THROUGH 2 2  
Th i s  t e s t  group  comprises  4 . 2  K tes ts  for   magnet  11, which is  t h e  o n l y  0 
magnet wound wi th   t he   more   s t ab le   coppe r -c l ad   r i bbon .  Test 18 w a s  conducted 
s p e c i f i c a l l y  t o  o b t a i n  c u r r e n t  a n d  f i e l d  r e s p o n s e s  t o  s t e p - f u n c t i o n  v o l t a g e  
i n p u t s   f o r   l a t e r   c o m p u t e r   a n a l y s i s .  The c r i t i c a l   c u r r e n t   o f   m o d u l e  C was 
9. Mr. U .  C h r i s t e n s e n ,   P r i n c e t o n   U n i v e r s i t y ,  was r e t a i n e d  t o  do t h e s e   c a l c u -  
l a t i o n s .  T h e  complexi ty   and   nonl inear i ty   o f   the   sys tem,   however ,   obvia ted  
meaningful  computed r e s u l t s .  
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checked i n  t e s t  1 9  by h o l d i n g  A and B a t  l o w  c u r r e n t  levels ( t o  r e d u c e  some  of 
t h e  d i a m a g n e t i c  s h i e l d i n g ) .  A similar p rocedure  i n  tests 20  and  21  gave  an 
e s t ima ted  IC f o r  B and A. T e s t  22 w a s  a n  a t t e m p t  t o  a t t a i n  t h e s e  e s t i m a t e d  
c r i t i c a l  c u r r e n t s   s i m u l t a n e o u s l y .  The r e s u l t i n g  c u r r e n t s  were c l o s e  t o  t h o s e  
e s t i m a t e d   f r o m   t h e   r e s u l t s   o f   p r e v i o u s  tests. T e s t  21 i s  d e s c r i b e d  f u r t h e r  
in  Paragraph  IV.C.2 .a .  
5. TEST 23 
When magnet 111' w a s  dismounted i n  p r e p a r a t i o n  f o r  m o u n t i n g  m a g n e t  11, 
some p o s s i b l e  s h i f t i n g  o f  t h e  w i n d i n g s  was n o t e d  ( s e e  F i g u r e  11). There  was 
some q u e s t i o n  a t . t h e  time magnet 111' w a s  t e s t e d  as t o  t h e  d e t r i m e n t a l  e f f e c t s  
o f  t h e  a p p a r e n t l y  e x c e s s i v e  s h o r t i n g  o f  m o d u l e  B ' -3 ;  t h e r e f o r e ,  t h e  o p p o r t u n i t y  
w a s  t a k e n  t o  test module   A ' -3   a lone   in  test 2 3 .  The r e s u l t i n g  68 amperes 
seemed to  ind ica t e  an  improvemen t  o f  ove r  20 a m p e r e s  ( s e e  t h e  r e s u l t s  o f  tests 
15 and  17 i n  T a b l e  V I I I )  when A-3 had no adjacent  modules .  
6. TESTS 24 AND 25 
R e c o g n i z i n g  t h a t  t h e  s t a b i l i t y  a t t a i n e d  b y  o p e r a t i n g  b e l o w  t h e  l a m b d a  
p o i n t  w o u l d  b e  n e c e s s a r y  f o r  t h e  m a g n e t  a s s e m b l y  t o  a c h i e v e  s p e c i f i c a t i o n s ,  
tests 24 and 25 were conducted  on  magnet I1 i n  a pumped D e w a r .  The  magnet 
went  normal a t  1 .97 Teslas i n  tes t  24; t h i s  l ow va lue  was t h o u g h t  t o  b e  d u e  
t o   t h e   t e m p e r a t u r e   h a v i n g   b e e n   v e r y   c l o s e   t o   t h e   l a m b d a   p o i n t .  The  tempera- 
t u r e  was reduced to  below Z°K i n  test 25 ( s e e  P a r a g r a p h  I V .  C. 2. b )  , and a l l  
m o d u l e s   a t t a i n e d  a power supp ly   cu r ren t   o f   ove r   100   amperes .  The r e s u l t i n g  
c e n t r o i d  f i e l d  o f  4.4 Teslas r e p r e s e n t s  a 30-percent  improvement  over  the 
f i e l d  a c h i e v e d  by t h i s  m a g n e t  a t  4.2OK. 
7. TESTS 26 THROUGH 30 
Th i s  t e s t  series w a s  a r e t e s t i n g  o f  m a g n e t  111' a f t e r  r e p a i r i n g  some 
s h i f t e d  o u t e r  l a y e r s  o f  m o d u l e s  A'-3 and C'-4 and a f t e r  c o m p l e t e l y  r e w i n d i n g  
module  B'-3.  (The  repaired  modules  and  magnets a re  des igna ted   by   omi t t i ng  
the  pr ime.)   Module B was e n e r g i z e d  t o  n o r m a l c y  i n  test  26, w i t h  A h e l d  a t  
40 amperes   t o   r educe   sh i e ld ing .   Th i s   modu le  B e x h i b i t e d  a f a s t e r  r e a c t i o n  
t i m e  than module B ' ,  c o n f i r m i n g  t h a t  t h e  p r o b l e m  w i t h  B '  had been one of 
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e x c e s s i v e   s h o r t i n g .   N o d u l e  A was t e s t e d  f o r  c r i t i c a l  c u r r e n t  i n  test  27; t h e  
r e s u l t i n g  v a l u e  was 30 a m p e r e s  h i g h e r  t h a n  t h a t  o b t a i n e d  d u r i n g  p r e v i o u s  tes t -  
i n g   i n   t h e   p r e s e n c e   o f   t h e   e x c e s s i v e l y   s h o r t e d  B '  module. To g e t  a 4.2'K 
e v a l u a t i o n  o f  t h i s  r e w o r k e d  m a g n e t ,  a l l  t h r e e  m o d u l e s  were powered  simultane- 
o u s l y  i n  t e s t  28 ( s e e  P a r a g r a p h  I V . C . l . a ) ,  w i t h  c u r r e n t  r a t i o s  a s  i n d i c a t e d  
from  previous tests. Magnet I V ,  however ,   d id   no t   deve lop   the   expec ted   cur -  
r e n t s .  
Us ing   t he   expe r i ence   ob ta ined   f rom  t e s t ing   magne t  I11 a t  4.2 K ,  tes ts  
29  and 30 were conducted a t  pumped c o n d i t i o n s .   I n  t e s t  29, normalcy   occur red  
a t  a l o w e r   v a l u e   t h a n   h a d   b e e n   e x p e c t e d .   D a t a   i n d i c a t e d   t h a t   t h i s   n o r m a l c y  
was due   to   module  C be ing   brought  up t o   t o o   h i g h  a c u r r e n t .   I n  t e s t  30 ( s e e  
Pa rag raph   IV .C . l . b ) ,   t he re fo re ,  C w a s  held  below i t s  p r e v i o u s l y  e s t i m a t e d  
v a l u e .  The f i e l d ,   i n   t h i s  case,  went   o  3.64 Teslas ,  w h i c h   r e p r e s e n t s   t h e  
performance of a magnet wound w i t h  s i l v e r - p l a t e d  r i b b o n  a t  pumped c o n d i t i o n s .  
This  va lue  can  be  compared  wi th  the  4.4 Teslas ach ieved  wi th  the  coppe r -c l ad  
v e r s i o n   ( t e s t  25). 
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8. TESTS 31 THROUGH 35 
Magnets I and I V  were mounted on the same h o l d e r  b u t  were s e p a r a t e d  
by 47.7 cm t o   a p p r o x i m a t e   i n d i v i d u a l   m a g n e t  t es t s .  The r e s u l t s  o f  tests 31 
through 35 are  fo r   magne t  I .  Test 31 eva lua ted   modu le  A ,  t e s t  32 e v a l u a t e d  
module B ,  and test 33 eva lua ted   modu le  C. A l l  modules were powered i n  t es t  
34 t o  ob ta in  magne t  pe r fo rmance  a t  4.2 K; t h e  r e s u l t s  were s l i g h t l y  l o w e r  t h a n  
f o r   m a g n e t  111, w h i c h   a l s o  i s  wound w i t h   s i l v e r - p l a t e d  Nb Sn r ibbon.  The 
magnet was t e s t e d  u n d e r  pumped c o n d i t i o n s  i n  t e s t  35, dur ing   which  3.2 Teslas 
were developed a t  n o r m a l c y .   T h e   m a g n i t u d e   o f   t h i s   f i e l d   g e n e r a l l y  was t h e  
same as  fo r   magne t  I11 ( t e s t  30) .  
0 
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9. TESTS 36 THROUGH 39 
T h i s  t e s t  ser ies  fo r   magne t  I V  was similar t o  tes ts  31 through 35. 
? lodu le   cu r ren t s  were e s t a b l i s h e d  i n  t es t s  36 th rough   38   a t  4.2 K; a f i n a l  t e s t  
was performed  under pumped c o n d i t i o n s   i n  t es t  39. A 3 . 1 8 - T e s l a   f i e l d  was 
a t t a i n e d .  
0 
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10.  TESTS 40A THROUGH 40D 
Because  of similarities i n  c r i t i c a l  f i e l d s  a n d  r e s p o n s e  times, mag- 
n e t s  I and I V  were c h o s e n  t o  b e  t h e  c e n t e r  p a i r  o f  m a g n e t s  i n  t h e  f i n a l  assem- 
b l y .  The magnets  were assembled ,   wi th   separa t ion   by   compress ion   members ,   and  
were t e s t e d  a s  a two-magnet  system.  Four tests w e r e  conducted a t  4.2 K and 
under  pumped c o n d i t i o n s .  The o b j e c t i v e s  were t o  assess pe r fo rmance   cha rac t e r -  
i s t ics  and test  p r o c e d u r e s  f o r  a two-magnet  system. 
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I n  tes t  40A, each magnet w a s  powered with i t s  m o d u l e s  i n  series by a 
s e p a r a t e  power supp ly .  Power s u p p l y   c u r r e n t   t o   m a g n e t  I V  l a g g e d  s l i g h t l y  t h a t  
of  magnet I. Th i s  test was performed a t  r educed   t empera tu res .  T e s t  40B w a s  
similar t o  t e s t  40A, b u t  was performed a t  4.2 K t o  eva lua te  improvemen t  due  
t o  pumping. Test 40A h a d  i n d i c a t e d  t h a t  t h e  C modules   p robably  were l i m i t i n g  
t h e  r e s u l t s .  I n  t e s t  40C, t h e  A and B modules   of   both  magnets  were powered 
wi th   one  power s u p p l y ,  w h i l e  t h e  C modules w e r e  powered  with  another .   The 
r e s u l t i n g  f i e l d  o f  5 . 8  Teslas w a s  v e r y  c l o s e  t o  t h e  maximum f i e l d  c a l c u l a t e d  
f r o m   t h e   e s t i m a t e d   c r i t i c a l   c u r r e n t s   o b t a i n e d   i n   p r e v i o u s  tests. Tests 40C 
and 40D a r e  d e s c r i b e d  f u r t h e r  i n  P a r a g r a p h s  I V . C . 3 . a  a n d  I V . C . 3 . b ,  r e s p e c t i v e l y .  
0 
11. TESTS 4 1  THROUGH 46 
Tests 41  through  46 were conducted a t  r educed  t empera tu res  on  the  com- 
plete   four-magnet   assembly.   Magnets  I and I V  were r e t a i n e d  a s  t h e  c e n t r a l  
p a i r ,  b e c a u s e  t h e y  a l r e a d y  h a d  b e e n  t e s t e d  t o g e t h e r  a n d  e a c h  m a g n e t  s e p a r a t e l y  
h a d  g i v e n  s i m i l a r  r e s u l t s .  Tests 41  and 42 were a b o r t e d   d u e   t o   p r e m a t u r e  
n o r m a l c y  d u r i n g  h e l i u m  t r a n s f e r ,  when t h e  t e m p e r a t u r e  i n c r e a s e d  t h r o u g h  t h e  
lambda p o i n t .  Test  4 3   ( s e e   P a r a g r a p h   I V . C . 4 )   g a v e   t h e   h i g h e s t   f i e l d   o f  a l l  
tests,  b u t  t h e  r e s u l t i n g  5 . 9 3  T e s l a s  w a s  s h o r t  o f  t h e  s p e c i f i e d  7.2 Teslas. 
B e c a u s e  o f  t h e  p o s s i b i l i t y  t h a t  m o d u l e  C o f  magnet I11 had caused a 
premature  normalcy of the   four -magnet   assembly   in  t e s t  43, test 44 was con- 
duc ted   w i th  a s e p a r a t e  ( a d d i t i o n a l )  power supply   on   th i s   module .  Even w i t h  
o n l y  1 5  amperes i n  1 1 1 - C ,  however ,   normalcy  occurred a t  5.87 Teslas. 
There were no a p p a r e n t  r e a s o n s  as t o  why the  comple te  magnet  assembly  
had  r eached  on ly  5 .93  Tes l a s  when t h e  c e n t e r  m a g n e t  p a i r  a l o n e  h a d  r e a c h e d  
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5.8 Teslas. The c e n t e r  p a i r  may have  been damaged during  the  four-magnet  
tests. Test 46 e s s e n t i a l l y  was a re tes t  of  magnets I and I V Y  b u t  w i t h  t h e  
end  magnets   held a t  ve ry   l ow  cu r ren t s .  The c e n t e r  p a i r  w e n t  n o r m a l  w h i l e  
deve lop ing  a f i e l d  o f  4.65 Teslas ( e s s e n t i a l l y  n o t h i n g  b e i n g  c o n t r i b u t e d  by 
t h e   e n d   m a g n e t s ) .   T h i s   r e s u l t   i n d i c a t e d   t h a t   e i t h e r  some damage  had occur red  
t o  m a g n e t s  I and I V  or t h e  p r e s e n c e  of t h e  two end  magnets was s u f f i c i e n t  t o  
c o n t r i b u t e   t o   d e g r a d a t i o n   o f  I and I V .  The scope   o f   t he   con t r ac t   d id   no t  
p e r m i t  f u r t h e r  l n v e s t i g a t i o n  i n t o  t h i s  matter. 
C .  TEST ANALYSES 
The tes t  summaries c o n t a i n e d  i n  P a r a g r a p h  1 V . B  i n d i c a t e  t h e  g e n e r a l  e x p l o r -  
a t o r y   n a t u r e   o f   t h e  e a r l i e r  tests. C o n s i d e r a b l e   e x p l o r a t i o n  was n e c e s s a r y ,  
b e c a u s e  t h e  h i g h  d e g r e e  o f  i n d u c t i v e  c o u p l i n g  among modules  and  magnets  and 
the  sho r t ing  o f  t u rns  wi th  phosphor -b ronze  s t r ip s  made d i f f i c u l t  t h e  d e t e r m i n -  
a t i o n  of t r u e  c r i t i c a l  c u r r e n t s .  I n  t h e  c a s e  o f  a t e s t  on a s ing le   magne t  
composed  of  th ree  modules ,  the  cont r ibu t ion  of  module  C t o  t h e  c e n t r o i d  f i e l d  
a lways was d i f f i c u l t  t o  assess d u e  t o  t h e  l a r g e  s h i e l d i n g  e f f e c t s  o f  m o d u l e s  
A and B.  The same c o n d i t i o n  was t r u e ,  t o  a lesser d e g r e e ,   f o r  B d u e   t o   t h e  
s h i e l d i n g   o f  A .  V a l u e s   o f   a c t u a l   t r a n s p o r t   c u r r e n t s  were e s t ima ted ,   where  
p o s s i b l e ,  from t h e  e x p e r i e n c e  o f  a l l  tests involv ing   ind iv idua l   modules   and  
c o m b i n a t i o n s ,  i n  w h i c h  d a t a  were o b t a i n e d  by p e r i o d i c  o b s e r v a t i o n s  o f  m o d u l e  
c u r r e n t s  a t  z e r o  v o l t a g e  o r  by long   “hold“  times a t  c o n s t a n t  c u r r e n t  t o  r e d u c e  
t h e   s h u n t i n g   c u r r e n t   i n   t h e   s h o r t i n g   s t r i p s .   B e c a u s e  a comple t e   d i scuss ion  
of t h e  d e t a i l s  o f  e a c h  m a n i p u l a t i o n  o n  a l l  4 6  tests i s  n o t  f e a s i b l e  a n d  would 
c o n t r i b u t e  l i t t l e  a d d i t i o n a l  t e c h n i c a l  i n f o r m a t i o n ,  t h e  f o l l o w i n g  p a r a g r a p h s  
c o n t a i n  a n a l y s e s  o f  o n l y  r e p r e s e n t a t i v e  tes ts  p e r f o r m e d  i n  t h e  l a t t e r  p o r t i o n  
of   the  program. The tes ts  t h a t   h a v e   b e e n   s e l e c t e d   f o r   t h i s   p u r p o s e  are  as  
f o l l o w s  : 
NOTE 
“Pumped c o n d i t i o n s ”  a r e  t h e  c o n d i t i o n s  
unde r  wh ich  p res su re  in  the  Dewar w a s  
r e d u c e d  t o  some pressure below atmos-  
p h e r i c   p r e s s u r e   t o   r e d u c e   t h e   h e l i u m  
ba th   t empera tu re .  
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Test No. Magnet 
I11 ( s i l v e r - p l a t e d  v e r s i o n )  
I1 (copper -c l ad  ve r s ion )  
I and I V  ( s i l v e r - p l a t e d  v e r s i o n )  
I through I V  assembled 
28 (4.2'K) 
30 (pumped c o n d i t i o n s )  
21 (4.2OK) 
25 (pumped c o n d i t i o n s )  
40C (pumped c o n d i t i o n s )  
40D (pumped cond i t ions   go l lowed  
by e l e v a t i o n  t o  4.2 K) 
4 3  (pumped c o n d i t i o n s )  
1. MAGNET I11 
Magnet 111' ( t h e  p r i m e  r e f e r s  t o  a v e r s i o n  b e f o r e  p a r t i a l  r e w i n d i n g )  
w a s  e v a l u a t e d   i n  t es t s  8 th rough 1 7  and 2 3 .  Many o f   t h e s e  tests were exp lo ra -  
tory and were p e r f o r m e d  i n  a n  a t t e m p t  t o  u n d e r s t a n d  how meaningfu l  tests cou ld  
be conducted when i n t e r p r e t a t i o n  of t h e  r e s u l t s  w a s  c o m p l i c a t e d  b y  t h e  l a r g e  
i n d u c t i v e  i n t e r a c t i o n s  among modules and by t h e  m a s k i n g  e f f e c t  o f  t h e  s h o r t i n g  
s t r i p s .  It was d e c i d e d   e v e n t u a l l y   t h a t   t h e   s h o r t i n g   o f   m o d u l e  B '  was exces- 
s i v e ,  compared t o  A '  and C ' .  All modules   a l so  showed s h i f t s  o f  t h e  o u t e r  
l a y e r s  ( s e e  F i g u r e  11). T h e s e   f e w   s h i f t e d   l a y e r s  were rewound  on A '  and C ' ,  
and  module B '  was comple t e ly  r ewound ,  subs t i t u t ing  new r ibbon where  necessary .  
T e s t s  26 through 2 8  were per formed  to   eva lua te   magnet  I11 ( t h e  rewound 
v e r s i o n ) .  Test  26  showed a marked  improvement i n  t h e  time c o n s t a n t   o f   t h e  B 
r e s u l t s  o v e r   t h e  B '  r e s u l t s .  Test 27  was a test of  A t o   d e t e r m i n e   w h e t h e r   t h e  
long time cons tan t   on  B '  h a d  a n  a d v e r s e  e f f e c t  o n  A ' .  B e c a u s e  t h e  d i f f e r e n c e  
between A and A '  (and C and C ' )  was o n l y  t h e  r e w i n d i n g  of  a f e w  o u t e r  l a y e r s ,  
t h e y   t h e r e f o r e  are c o n s i d e r e d   t o   b e   e s s e n t i a l l y   u n a l t e r e d .   B e c a u s e   t h e   t r u e  
cur ren t  of  module  A was ove r  74 amperes ,  a s  compared  wi th  the  40 amperes esti- 
ma ted  in  test 1 5  f o r  A ' ,  i t  w a s  assumed t h a t  p a r t  o f  t h i s  improvement was due 
to r e d u c i n g  t h e  a d v e r s e  e f f e c t  o f  t h e  o v e r l y  s h o r t e d  B ' .  
A l o g i c a l  f o l l o w - o n  a f t e r  t e s t  27  would have been a tes t  of module C 
similar t o  test 26.  Experience  had  shown,  however,   that  tests on t h e  C modules 
a lways w e r e  d i f f i c u l t  t o  i n t e r p r e t  b e c a u s e  of t h e  l a r g e  s h i e l d i n g  e f f e c t s  of 
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t h e  A and B modules.  I t  was d e c i d e d ,   t h e r e f o r e ,   t o   a n t i c i p a t e   a n   i m p r o v e m e n t  
i n  C similar t o  t h a t  f o u n d  i n  A ,  and tes t  28 was conducted  under  the  assumpt ion  
o f  e s t i m a t e d  t r u e  c u r r e n t s  o f  75 amperes   fo r  A, 65  amperes   for  B,  and 60 amperes 
f o r  C .  
a .  T e s t  28 (4.2OK). P l o t s   o f   m o d u l e   v o l t a g e s ,  power   supply   cur ren ts ,  
a n d  c e n t r a l  f i e l d  v e r s u s  t i m e  a re  shown i n   F i g u r e   1 5 .   T h e s e   p l o t s ,   a n d   s u b s e -  
q u e n t  s i m i l a r  . p l o t s ,  show a n  a b s e n c e  o f  m i n o r  p e r t u r b a t i o n s  i n  t h e  p a r a m e t e r s .  
S t r i p - c h a r t  r e c o r d i n g s  are a v a i l a b l e  a t  t h e  NASA L e w i s  Resea rch  Cen te r  fo r  
d e t a i l e d  i n f o r m a t i o n .  
A l l  m o d u l e  p o t e n t i a l s  were s e t  a t  500 m i l l i v o l t s  d u r i n g  t h e  f i r s t  
20  minutes   of  test  2 8 .  I n i t i a l  s e t t i n g s  are  n o t  shown i n   t h e   p l o t s ,   b e c a u s e  
t h e y   u s u a l l y  a r e  somewhat a r b i t r a r y  u n t i l  d e f i n i t e  t r e n d s  a r e  i n d i c a t e d .  Be- 
tween 20 minutes and 30 m i n u t e s ,  t h e  v o l t a g e s  o n  B and C were i n c r e a s e d  t o  
c o u n t e r a c t  t h e  h i g h  c u r r e n t  s u r g e  i n  C.  Expe r i ence   has  shown tha t   modu le  C 
i n  a m a g n e t  c o n f i g u r a t i o n  h a d  a n  a p p a r e n t l y  h i g h e r  r a t i o  o f  s h o r t i n g  c u r r e n t  
t o  t r a n s p o r t  c u r r e n t  t h a n  d i d  e i t h e r  A o r  B d u e  t o  t h e  h i g h e r  e f f e c t i v e  
i n d u c t a n c e .   C u r r e n t s   i n   t h e  C modules i n  t h e s e  tes ts  and similar tests were 
kept  low wi th  minimized  ra tes  of  change because of t h e  p o s s i b i l i t y  o f  h e a t i n g  
w i t h i n  t h e  w i n d i n g s .  
Vo l t ages  a re  j u g g l e d  f r e q u e n t l y  d u r i n g  a t e s t  such  as t h i s  t o  man- 
i p u l a t e  t h e  i n d i c a t e d  power s u p p l y  c u r r e n t s  t o  a r a t i o  t h a t  b e s t  j u d g e m e n t  
i n d i c a t e s  w i l l  r e s u l t   i n   t h e   d e s i r e d   r a t i o s   o f   t r u e   c u r r e n t s .   S t e p - f u n c t i o n  
v a r i a t i o n s  o f  100 m i l l i v o l t s ,  s u c h  as a r e  shown in  F igu re  15 ,  p roduce  changes  
i n  modu le  cu r ren t s  o f  on ly  several  amperes,   which i s  a r e a c t i o n  o f  t h e  s h o r t i n g  
c i r c u i t s  o f  t h e  magnet t o   t h e   v o l t a g e   c h a n g e .  The e f f e c t s  o f  t hese   changes  
o n   t h e   f i e l d  a r e  a l m o s t   i n d i s c e r n i b l e .  A l a r g e r   c h a n g e   o f   v o l t a g e ,   e . g . ,  
300 m i l l i v o l t s ,  would  show  up w i t h i n  a b o u t  5 m i n u t e s  a s  a s h i f t  i n  t h e  s l o p e  
o f   t h e   m a g n e t i c   f i e l d   c u r v e .  Each  change i n  a s ing le   modu le   vo l t age   p roduces  
o p p o s i n g   t r e n d s   i n   t h e   o t h e r   m o d u l e s .  I t  was deduced   f rom  the   da ta   d i sp layed  
by s t r i p - c h a r t  a n d  V i s i c o r d e r  r e c o r d i n g s  f o r  t e s t  28 t h a t  C w e n t  n o r m a l  f i r s t ,  
d r i v i n g  t h e  o t h e r  m o d u l e s  n o r m a l  f o r  a t o t a l  c e n t r o i d  f i e l d  o f  2.26 Teslas. 
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Figure 15. Magnet Ill, Test 28, 4.20K 
Due to  the  appa ren t ly  improved  pe r fo rmances  o f  t he  A and B modules 
i n  tests 26 and 27, t h e  r e s u l t  o f  tes t  28 was d i s a p p o i n t i n g .  I t  i s  r e a s o n a b l e  
t o  e x p e c t  t h a t  a h i g h e r  f i e l d  c o u l d  h a v e  b e e n  a c h i e v e d  a t  4.2OK by f u r t h e r  
m a n i p u l a t i o n s   o f   r e l a t i v e   p o w e r i n g   l e v e l s .   B e c a u s e   o p e r a t i o n  a t  4.2 K was 
cons ide red  on ly  p re l imina ry  to  ope ra t ion  be low the  l ambda  po in t ,  t he  r ema in ing  
tests of magnet I11 ( t e s t s  29 and 30) were performed  under pumped c o n d i t i o n s .  
0 
b. Test  30 (Pumped Cond i t ions ) .  The A and B m o d u l e   c u r r e n t s   i n  t es t  
29 were he ld   low,   and   the  C module w a s  brought  up to   normalcy .   This   approach  
was u s e d   t o   e s t a b l i s h  a p r o b a b l e   c u r r e n t   f o r  C a t  low  tempera tures .  Test 30 
then  was c o n d u c t e d  t o  u s e  t h e  b e s t  estimates of a l l  t h r e e  m o d u l e  c u r r e n t s .  
Tests of  magnet I11 p r i o r  t o  t e s t  30 y i e l d e d  e s t i m a t e d  c r i t i c a l -  
c u r r e n t   v a l u e s   f o r   t h e   t h r e e   m o d u l e s  a t  4.2 K. Test 30 was conducted a t  tem- 
p e r a t u r e s  b e l o w  t h e  l a m b d a  p o i n t  t o  t a k e  a d v a n t a g e  o f  t h e  i m p r o v e d  s t a b i l i t y  
o f   t he   supe rconduc to r .   I n   t he   absence   o f   i nd iv idua l   modu le  tests a t  low 
t e m p e r a t u r e s ,  i t  was a s s u m e d  t h a t  t h e  r a t i o s  o f  a c c e p t a b l e  c u r r e n t s  e s t a b l i s h e d  
a t  4.2 K would   ho ld   a l so  a t  low  tempera tures .  To a c h i e v e  t h e  o b j e c t i v e  f i e l d  
v a l u e  o f  4 Teslas, the  p ro jec t ed  modu le  cu r ren t s  shou ld  have  been  approx ima te ly  
96 amperes   fo r  A ,  81 amperes   fo r  B y  and 58 amperes   fo r  C. The d e t a i l s  o f  
t h i s  test are  g i v e n  i n  F i g u r e  16. 
0 
0 
The t empera tu re  was determined by remote  readings  of  the  he l ium 
p r e s s u r e  w i t h i n  t h e  Dewar and  convers ion  of t h e  r e a d i n g s  by s t a n d a r d  t a b l e s .  
It became  obv ious  ea r ly  in  the  t e s t  t h a t  t h e  maximum r a t e  a t  which  the  magnet 
could be powered would be determined by t h e  r e q u i r e m e n t  f o r  minimum power 
d i s s i p a t i o n   t o   s t a y   b e l o w   t h e   l a m b d a   p o i n t .  I t  was no t  known i f  a n y   p a r t i c u l a r  
t empera tu re   l eve l   wou ld   be  optimum , b u t   p r a c t i c a l i t y   d i c t a t e d   t h e   t e m p e r a t u r e s  
i n d i c a t e d  i n  F i g u r e  16. The i n c r e a s i n g   h e a t   c a p a c i t y   o f   l i q u i d   h e l i u m   w i t h  
tempera tures   approaching   the   l ambda   po in t   p resumably   de te rmined   the  r a t e  t h a t  
r e s u l t e d  i n  o p e r a t i o n  i n  t h e  v i c i n i t y  o f  1 . 9  K .  F i g u r e  1 6  shows t h a t   t h e  
(10) 
0 
lo' L a t e r  t e m p e r a t u r e  t e s t s  o n  a small magnet  with Nb3Sn r ibbon  were conducted 
a t  t h e  NASA L e w i s  Research   Center  by G .  Brown and E .  Meyn. These tes ts  
showed t h a t  c r i t i c a l  c u r r e n t  i n c r e a s e d  s l i g h t l y  as  t h e  t e m p e r a t u r e  was 
decreased  be low the  lambda  poin t .  
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Figure 16. Magnet 111, Test 30, Pumped Conditions 
I ... 
c h a r g i n g  v o l t a g e s  h a d  t o  b e  d e c r e a s e d  s t e a d i l y  a f t e r  t h e  f i r s t  3 h o u r s  t o  
m a i n t a i n   t h i s   t e m p e r a t u r e .  
Because test 29 r e s u l t e d  i n  w h a t  a p p e a r e d  t o  b e  a l i m i t i n g  c u r r e n t  
of 58 amperes  for  module C ,  module C was h e l d  a t  abou t  50 a m p e r e s  f o r  t h e  l a s t  
t w o - t h i r d s  o f  t h e  t es t ,  w h i l e  A and B were c h a r g e d  c o n t i n u a l l y  u n t i l  n o r m a l c y  
o c c u r r e d .   A c t u a l   c u r r e n t s  a re  e s t i m a t e d   t o   b e  92 a m p e r e s   f o r  A, 78 amperes   fo r  
B ,  and 50 a m p e r e s   f o r  C. These   va lues   compare   to   power   supply   cur ren ts   o f  
95 amperes,  80 amperes,   and 51.5 amperes ,   r e spec t ive ly .   The   l ong   cha rg ing  
p e r i o d  o f  t h e  tes t ,  de t e rmined  by  the  r equ i r emen t  t o  ma in ta in  a given tempera-  
t u r e ,  g a v e  t h e  a d v a n t a g e  t h a t  v e r y  l i t t l e  c u r r e n t  was s h u n t e d  i n t o  t h e  s h o r t -  
i n g  s t r i p s .  
The f i e l d  a c h i e v e d  was 3.64 Teslas under pumped c o n d i t i o n s ,  
compared to 2.26 Teslas a t  4.2'K ( t e s t  28). These  values   cannot   be  compared 
d i r e c t l y ,   b e c a u s e   d i f f e r e n t   p o w e r i n g   s e q u e n c e s  were used.  I t  is  r e a s o n a b l e  
t o  assume t h a t  f u r t h e r  t e s t i n g  a t  4.2'K w o u l d  y i e l d  h i g h e r  f i e l d s .  The 60- 
percent  improvement  by pumping p robab ly  is  h i g h e r  t h a n  c o u l d  b e  e x p e c t e d  i f  
t h e  e l ec t r i ca l  pa rame te r s  were more  cons is ten t .  Both  module  B and  module C 
showed p o s i t i v e  v o l t a g e  p i p s  i n  s t r i p - c h a r t  r e c o r d i n g s ,  i n d i c a t i n g  t h a t  i n i t i a l  
normalcy could have come f rom e i the r  modu le .  
2. MAGNET I1 
a .  Test 21 (4.2'K). P l o t s   o f   m o d u l e   v o l t a g e s ,   p o w e r   s u p p l y   c u r r e n t s ,  
and f i e l d  v e r s u s  time are  shown i n  F i g u r e  17.  Test 21 was t h e  l a s t  test  i n  a 
series, the  purpose  of  which  was t o  d e t e r m i n e  b e s t - e s t i m a t e  v a l u e s  o f  c r i t i c a l  
c u r r e n t s   f o r   e a c h   m o d u l e .  Tests 19 and 20 p r o v i d e d  e s t i m a t e d  v a l u e s  o f  82 
amperes  and 77 amperes   for   modules  C and B y  r e spec t ive ly .   Modu les  C and B 
were h e l d  a t  p o w e r  s u p p l y  c u r r e n t s  c l o s e  t o  70 amperes  fo r  test 21 ,  and A was 
b r o u g h t  t o  n o r m a l c y .  I n i t i a l  v o l t a g e s  on the  modules   of   maqnet  I1 were con- 
s i d e r a b l y  h i g h e r  t h a n  were pe rmis sab le  fo r  magne t  111, because  coppe r  c l add ing  
o f f e r s  less t h a n  o n e - h a l f  t h e  r e s i s t a n c e  o f  t h e  s i l v e r  p l a t i n g  t o  a n y  c u r r e n t  
t h z t  m i g h t  b e  i n  t h e  n o r m a l  metal l a y e r ;  t h e r e f o r e ,  less c u r r e n t  is shun ted  
t c  t h e  s h o r t i n g  s t r i p s  i n  t h e  c o p p e r - c l a d  v e r s i o n .  
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Normalcy  occurred a t  3 . 4  Teslas. A l t h o u g h   t h i s   v a l u e  is less t h a n  
t h e  s p e c i f i c a t i o n  v a l u e  o f  4 Teslas f o r  a s i n g l e  m a g n e t ,  t h e  v a l u e  was a con- 
s ide rab le   improvemen t   ove r   t ha t   ob ta ined   fo r   magne t  111. Modules B and C 
probably could have been set  t o  h i g h e r  v a l u e s ,  and i t  is  p o s s i b l e  t h a t  t h e  
f u l l  f i e l d  c o u l d  h a v e  b e e n  a c h i e v e d .  The va lue   o f  3 . 4  Teslas w a s  s u f f i c i e n t ,  
however, i f  i t  c o u l d  b e  a c h i e v e d  i n  t h e  f o u r - m a g n e t  c o n f i g u r a t i o n  t o  meet 
t h e  o v e r a l l  s p e c i f i c a t i o n .  
Test 21 showed tha t  magnet  I1 w a s  much more s t a b l e  t h a n  v e r s i o n s  
wi th   s i l ve r -p l a t ed   r i bbon .   Th i s   improvemen t  was i n d i c a t e d   b y   t h e   r e l a t i v e l y  
qu ick  r e sponses  o f  modu les  cu r ren t s  t o  vo l t age  changes  and  by t h e  l a c k  o f  
n o i s e  on V i s i c o r d e r  t r a c e s .  
Module  vol tages  were r e d u c e d  s e v e r e l y  d u r i n g  t h e  l a t t e r  p a r t  of 
test 2 1 .  The pu rpose   o f   t h i s   expe r imen t  w a s  t o  e n s u r e  t h a t  e s s e n t i a l l y  a l l  
power supp ly  cu r ren t  wou ld  be  in  the  wind ings  a t  normalcy. 
b. Test 25 (Pumped C o n d i t i o n s ) .  Test 25   approximate ly   represented  
the   pumped-condi t ions   counterpar t   o f  t e s t  21. T e s t  25  can  be  compared  gener- 
a l l y  t o  test  30 on  magnet 111, because  bo th  tests were per formed on  s ingle  
magnets  under pumped c o n d i t i o n s .   V o l t a g e s   a n d   c u r r e n t s   f o r  t es t  25 are  g i v e n  
i n  F i g u r e  18. 
This  test  exceeded a l l  o t h e r s  i n  terms of ease o f  cha rg ing ,  l ack  
of n o i s e ,  a n d  a p p a r e n t  s t a b i l i t y .  Module v o l t a g e s  were maintained  between 
300 and 500 m i l l i v o l t s  t h r o u g h o u t  n o s t  o f  t h e  t e s t ,  a n d  m a g n e t i c - f i e l d  i n t e n -  
s i t y  i n c r e a s e d  a t  a c o n s t a n t  ra te .  A s  i n  most  low-temperature tests, t h e  
ra te  o f  i n c r e a s e  was d e t e r m i n e d  c h i e f l y  b y  t h e  l i m i t a t i o n  o n  pumping r a t e .  
Pumping r a t e ,  i n  t u r n ,  l i m i t e d  t h e  power t h a t  c o u l d  b e  dumped i n t o  t h e  Dewar .  
Maximum p e r m i s s i b l e  c h a r g i n g  ra tes ,  t h e r e f o r e ,  a re  unknown. 
Normalcy  occurred a t  4 . 4  Teslas. Because  this   magnet   exceeded 
t h e  s p e c i f i c a t i o n  f o r  4 Teslas, t h e r e  was l i t t l e  d o u b t  t h a t  a complete  syscem 
of  four  magnets  of t h i s  d e s i g n  would a t t a i n  t h e  r e q u i r e d  7 . 2  Teslas. 
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Figure 18. Mamet II, Test 25, Pumped Conditions 
The normalcy  tha t  occur red  a t  the  end  of  tes t  25 caused  the -bo t tom 
of  t h e  Dewar to   co l lapse   and   magneto- form  aga ins t   the   magnet .  The Dewar manu- 
f a c t u r e r  t r a c e d  t h e  c a u s e  of  t h i s  p r o b l e m  t o  c u r r e n t s  t h a t  were i n d u c e d  i n  a 
c o p p e r  s h e a t h  a r o u n d  t h e  g e t t e r  i n  t h e  e v a c u a t e d  s p a c e  o f  t h e  Dewar. 
3 .  MAGNETS I AND I V  
Magnets I and I V  were m o u n t e d  t o g e t h e r  f o r  t e s t i n g  p r e l i m i n a r y  t o  test- 
i n g   t h e  f u l l  four-magnet  system. Tests 40A and 40B on  combined  magnets I and 
I V  were not  comple ted  due  to  premature  normalcy  whi le  the  tempera ture  c l imbed 
u n c o n t r o l l a b l y   d u r i n g   h e l i u m   t r a n s f e r .   T h i s   p r o b l e m  was e l i m i n a t e d  i n  a l l  
subsequen t  tests by c h a r g i n g   t h e   m a g n e t   p a r t i a l l y  a t  4 . 2  ( t o   a p p r o x i m a t e l y  
20 k i l o g a u s s ) ,   r e f i l l i n g   t h e  Dewar, and   t hen   pmping .   Th i s   p rocedure   p rov ided  
a head start  o n  t h e  t e s t  w i t h  a s u f f i c i e n t  vo lume of  super f lu id  he l ium avai l -  
a b l e .  
0 
a .  Test 40C (Pumped C o n d i t i o n s ) .   P l o t s  of  module  currents ,   power 
s u p p l y  v o l t a g e s ,  c e n t r o i d  f i e l d ,  a n d  t e m p e r a t u r e  v e r s u s  time are shown i n  
F i g u r e  1 9 .  All modules A and B were c o n n e c t e d  i n  series to   one   power   supply ,  
and  modules C were connec ted  to  ano the r .  P rev ious  h i s to ry  on  magne t  I was 
obta ined  f rom tests 31 through 35 and  on  magnet I V  from tes ts  36 through  39. 
Expe r i ence  aga in  had  showed t h e  r e l a t i v e l y  h i g h e r  s t a b i l i t y  o f  m o d u l e s  A and 
B y  as compared to  modules  C,  which i s  t h e  r e a s o n  t h a t  m o d u l e s  were connected 
s e p a r a t e l y  i n  tes t  40C. 
The vol tages  on  magnets  I and I V  were k e p t  r e l a t i v e l y  c o n s t a n t  
t h r o u g h o u t  t h e  tes t ,  a l t h o u g h  t h e y  were v a r i e d ,  when n e c e s s a r y ,  t o  l i m i t  t h e  
t e m p e r a t u r e  r ise o f   t he   he l ium  ba th .   The   vo l t ages   o f   bo th   power   supp l i e s  
a l s o  were r e d u c e d  p e r i o d i c a l l y  t o  z e r o  t o  assess t h e  level  o f  t r a n s p o r t  c u r -  
r e n t   i n   t h e   m o d u l e s .   L a r g e   i n d u c t i v e   c o u p l i n g  was e v i d e n t ,   e s p e c i a l l y   i n   t h e  
C modules,  by t h e  l a r g e  p e r c e n t a g e  o f  p o w e r  s u p p l y  c u r r e n t  t h a t  was l o s t  i n  
t h e  s h o r t i n g  s t r i p s  u p o n   s u c h   v o l t a g e   r e d u c t i o n s .   L a r g e   i n d u c t i v e   c o u p l i n g  
was m o s t  p r e v a l e n t  d u r i n g  e a r l y  s t a g e s  o f  t h e  tes t ,  when the  predominant ly  
low f i e l d  v a l u e s  i n  t h e  t o t a l  vo lume  o f  t he  magne t s  r e su l t ed  in  the  h ighes t  
d i s m a g n e t i c  c u r r e n t  s h i e l d i n g .  
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Figure 19. Magnets I and IV, Test 40C, Pumped Conditions 
Jus t  be fo re  no rma lcy  occur red ,  t he  C modules were h e l d  a t  80  
amperes   o f   power   supply   cur ren t ,   and   the   vo l tage   began   to   decay .  Even w i t h  
d e t a i l e d  V i s i c o r d e r  s i g n a l s  f r o m  many s e c t i o n s  o f  t h e  m a g n e t s ,  t h e  m o d u l e  i n  
which normalcy f i r s t  o c c u r r e d  c o u l d  n o t  b e  d e t e r m i n e d  u n i q u e l y ,  a l t h o u g h  it 
was probably   one   o f   the  C modules. The 5 . 8 - T e s l a  c e n t r o i d  f i e l d  a t t a i n e d  w i t h  
t h e s e  two magne t s  i nd ica t ed  tha t  t he  r ema in ing  1.4 Teslas n e c e s s a r y  t o  meet 
t h e  s p e c i f i c a t i o n  f o r  7.2 Teslas wi th  four  magnets  probably  would  be  a t ta ined .  
b.  Test 40D (Pumped Condit ions  Fol lowed by E l e v a t i o n   t o  4.2'K). The 
d e c i s i o n  t o  o p e r a t e  t h e  m a g n e t s  a t  reduced temperatures  was made o r i g i n a l l y  
when i t  w a s  e v i d e n t  t h a t  t h e  s p e c i f i e d  f i e l d  w o u l d  n o t  b e  a t t a i n e d  d u r i n g  
o p e r a t i o n  a t  4.2 K. Because   p rev ious  tests had  showed t h a t   o p e r a t i o n   u n d e r  
pumped c o n d i t i o n s  p r e s e n t e d  n o  g r e a t  d i f f i c u l t i e s ,  i t  was d e c i d e d  t o  i n v e s t i -  
g a t e  a p o t e n t i a l  a d d i t i o n a l  a d v a n t a g e  o f  b e i n g  a b l e  t o  ra ise  the  t empera tu re  
b a c k  t o  4.2'K once a d e s i r e d  f i e l d  was a t t a ined .  Th i s  approach  mean t  pas s ing  
t h r o u g h  t e m p e r a t u r e s  j u s t  a b o v e  t h e  l a m b d a  p o i n t ,  w h e r e  i n s t a b i l i t y  i s  known 
t o  b e  g r e a t e s t .  Test 40D w a s  c o n d u c t e d ,   t h e r e f o r e ,   t o  make t h i s   d e t e r m i n a t i o n .  
The r e s u l t s  are  shown i n  F i g u r e  20. 
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A l l  s i x  modu les  were connec ted  in  series to  one  power  supply  for  
s i m p l i c i t y .  The f i e l d  was raised t o  s l i g h t l y  less t h a n  5 Teslas under  pumped 
h e l i u m   c o n d i t i o n s .  A t  t h a t  p o i n t ,  t r a n s f e r  of 4.2'K l i q u i d  h e l i u m  w a s  i n i -  
t i a t e d  c a r e f u l l y  a s  a m e a n s  o f  r a i s i n g  t h e  t e m p e r a t u r e  o f  t h e  h e l i u m  i n  t h e  
Dewar i n  a r easonab ly   con t ro l l ed   manner .   Magne t   cu r ren t  was h e l d  e s s e n t i a l l y  
c o n s t a n t  d u r i n g  t h i s  p e r i o d ,  a l t h o u g h  m i n o r  v o l t a g e  c h a n g e s  were made, by hand 
c o n t r o l ,  t o  m i n i m i z e  small b u t  r a p i d  f i e l d  c h a n g e s  t h a t  o c c u r  u n p r e d i c t a b l y  
t h r o u g h o u t   t h e   t r a n s f e r .   S u c h   f i e l d   c h a n g e s   r e s u l t e d   f r o m  power surges   due  
t o  c h a n g e s  i n  t h e  r a t e  o f  c o o l i n g  of c u r r e n t  l e a d s  i n t o  t h e  Dewar .  
The f i e l d  c r e p t  upward s l i g h t l y  d u r i n g  t h e  h o u r  r e q u i r e d  t o  ra ise  
t h e   t e m p e r a t u r e   t o  4.2 K. Equi l ibr ium was ma in ta ined   fo r   app rox ima te ly  10 
minutes  a t  4.2 K t o  v e r i f y  t h a t  t r a n s i t i o n  t h r o u g h  t h e  u n s t a b l e  t e m p e r a t u r e  
region  had  been made s u c c e s s f u l l y .  The v o l t a g e   t h e n  w a s  i n c r e a s e d  t o  t h e  
l e v e l  t h a t  was the   h ighes t   dur ing   reduced- tempera ture   opera t ion .   Normalcy  
o c c u r r e d  a f t e r  a q u i c k  rise i n  t h e  f i e l d  o f  0 .1  Tesla. 
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Figure 20. Magnets I and IV,  Test  400, Pumped Cmditions Followed by Elevation to 4.2W 
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The success  of  a t r ans i t i on  th rough  an  ex t r eme ly  uns t ab le  t empera -  
t u re  r eg ion  ( immedia t e ly  above  the  l ambda  po in t )  depends  upon . the  ove ra l l  
s t a b i l i t y  o f  t h e  s y s t e m .  The  system w a s  s u f f i c i e n t l y  s t a b l e  i n  t h i s  case. 
A similar s i t u a t i o n  o c c u r r e d  i n a d v e r t e n t l v  a t  a l a t e r  d a t e  w i t h  t h e  four-mag- 
n e t  s y s t e m  i n  w h i c h  t h e  t e m p e r a t u r e  r o s e  when' a he l ium t ransfer  became neces-  
s a r y .   N o r m a l c y   o c c u r r e d   i n   t h a t  case. 
4. FOUR-MAGNET  ASSEMBLY 
Four tes ts  were conducted  on  the  four-magnet   assembly.  Tests 41 and 42 
were abor t ed ,   due   t o   no rma lcy   du r ing   t r ans fe r   o f   he l ium.  Test 43 was the   mos t  
s u c c e s s f u l  tes t ,  a c h i e v i n g  a f i e l d  of 5.93 Teslas. The r e s u l t s  o f  test  43 are 
shown i n  F i g u r e  2 1 .  Test 44 w a s  a n  u n s u c c e s s f u l  a t t e m p t  t o  i n c r e a s e  t h e  f i e l d  
f rom  the  5.93 Teslas a c h i e v e d  i n  test  43. 
The four   magnets  were d i v i d e d   i n t o   t h r e e   p o w e r e d   s e c t i o n s .   C e n t e r  
magnets I and IV had   ope ra t ed  wel l  t o g e t h e r  d u r i n g  p r e v i o u s  tests a n d ,  f o r  
s i m p l i c i t y ,  were c o n n e c t e d   i n  series f o r  t e s t  43. The  modules  of  magnet 11, 
a t  one  end of the   a s sembly ,  were c o n n e c t e d   i n  series t o  power  supply 1. The 
modules  of  magnet IV, a t  t h e  o p p o s i t e  e n d ,  were c o n n e c t e d  i n  series t o  power 
s u p p l y  3. S e p a r a t e  s u p p l i e s  were requi red   for   each   end   magnet ,   because   magnet  
I1 (wound with coppe r -c l ad  r ibbon  and  f ewer  tu rns )  r equ i r ed  a h i g h e r  c u r r e n t  
t o  p r o d u c e  a g i v e n  f i e l d  t h a n  m a g n e t  I11 (wound w i t h  s i l v e r - p l a t e d  r i b b o n ) .  
The  ob jec t ives  o f  t e s t  43 were t o  d e v e l o p  a s l i g h t  f i e l d  from t h e  two 
end  magne t s  and  to  e s t ab l i sh  whe the r  t he  f i e lds  of  t h e  two end  magnets  in f luence  
a d v e r s e l y  c e n t e r  m a g n e t s  I and IVY which  had  shown  good r e s u l t s  i n  test  40C. 
A f t e r  i n i t i a l  c h a r g i n g  a t  4.2'K and  then  t r ans fe r r ing  and  pumping t o  
g e t  b e l o w  t h e  l a m b d a  p o i n t ,  t h e  two end  magnets were h e l d  c o n s t a n t  a t  30 and 
33 a m p e r e s   ( g i v i n g   e q u i v a l e n t   f i e l d   c o n t r i b u t i o n s ) .   T h i s  low v a l u e  w a s  thought  
t o  a s s u r e  t h a t  i f  a n y  n o r m a l c y  o c c u r r e d ,  i t  w o u l d  o r i g i n a t e  i n  t h e  c e n t e r  
two magnets   for   which   prev ious  da ta  e x i s t e d  a s  a p a i r .  It is  n o t  c e r t a i n  t h a t :  
magnet I11 was q u i e s c e n t ,  as  f a r  as in f luenc ing   t he   even tua l   no rma lcy ,   because  
t he  modu le   vo l t ages  were e x t r e m e l y  n o i s y  d u r i n g  t h e  t e s t .  Test  44, which 
f o l l o w e d ,  was conducted to  keep module C of  magnet I11 a t  o n l y  1 6  amperes  to  
r e d u c e  f u r t h e r  a n y  e f f e c t  o f  n o i s e ;  t h e r e  was no  not icable  improvement .  
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The  two cen te r  magne t s  cha rged  con t inuous ly  un t i l  no rma lcy  occur red  a t  
5 .93  Teslas. S u b t r a c t i n g  a maximum c o n t r i b u t i o n   o f   0 . 5 7  Tesla by   t he  two  end 
magne t s ,  t he  two c e n t e r  m a g n e t s  c o n t r i b u t e d  a p p r o x i m a t e l y  5 Teslas, which is 
less t h a n  t h e i r  c o n t r i b u t i o n  when t h e  p a i r  was t e s t e d  a l o n e .  A review of  
d e t a i l e d  t r a c i n g s  f r o m  t h i s  test  and  subsequent tests of   the  four-magnet  
a s s e m b l y  d i d  n o t  r e s u l t  i n  i s o l a t i o n  o f  a unique problem area t o  a c c o u n t  f o r  
the   reduced   per formance .  I t  m u s t   b e   c o n s t r u e d ,   t h e r e f o r e ,   t h a t   t h e   o f t e n -  
n o t e d  i n c r e a s e  i n  m a g n e t  c u r r e n t  d e g r a d a t i o n  w i t h  i n c r e a s e  i n  m a g n e t  s i z e  i s  
a c o n t r i b u t i n g   m e c h a n i s m   i n   t h i s  case. A l t h o u g h   t h i s   e f f e c t   h a s   b e e n  a t t r i -  
b u t e d  q u a l i t a t i v e l y  t o  i n c r e a s e d  a d v e r s e  e n e r g y  i n p u t s  r e s u l t i n g  f r o m  i n c r e a s e  
i n  i n d u c t i v e  c o u p l i n g ,  t h e r e  is  n o t  y e t  a s a t i s f a c t o r y  q u a n t i t a t i v e  e x p l a n a -  
t i o n .  
There is  l i t t l e  doubt  tha t  o ther  combina t ions  of  module  and  magnet  
c h a r g i n g  c u r r e n t s  m i g h t  y i e l d  h i g h e r  f i e l d s  t h a n  t h e  a p p r o x i m a t e l y  6 Teslas 
a c h i e v e d   i n  test  43.  The e f f o r t   n e c e s s a r y   t o   a t t e m p t   t h i s   i n c r e a s e ,   h o w e v e r ,  
is  o u t s i d e  t h e  s c o p e  of t h e  e x i s t i n g  c o n t r a c t .  
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SECTION V 
CONCLUSIONS AND RECOMMENDATIONS 
A l t h o u g h  t h e  s p e c i f i e d  7 . 2 - T e s l a  m a g n e t i c  f i e l d  w a s  n o t  a t t a i n e d ,  t h e  
work  per formed es tab l i shed  a r e l a t i v e l y  clear set of c r i te r ia  t o  g u i d e  f u t u r e  
des igns .  The re  is no  problem where  the  device  for  which  a magnet  system is  
be ing  des igned  does  no t  cons t r a in  seve re ly  the  vo lume  occup ied  by  the  wind ings ,  
b e c a u s e  f u l l y  s t a b l e  o p e r a t i o n  a t  low cu r ren t  dens i t i e s  can  be  employed .  
Where c o n s i d e r a t i o n  o f  h i g h e r  c u r r e n t  d e n s i t i e s  w i t h  some i n h e r e n t  i n s t a b i l i t y  
i s  a n e c e s s a r y  f a c t o r ,  e x p e r i e n c e  w i t h  s i m i l a r  m a g n e t s  m u s t  b e  a v a i l a b l e  t o  
p e r m i t  r e l i a b l e  e x t r a p o l a t i o n  t o  a n y  g i v e n  d e s i g n .  The  expected  current   den-  
s i t y ,  t h e r e f o r e ,  m u s t  b e  as much a p a r t  of t h e  o v e r a l l  d e v i c e  d e s i g n  ( i . e . ,  a 
plasma  system) as i s  a n y  o t h e r  c o n s t r a i n t .  F o r  t h e  p r o j e c t  d e s c r i b e d  i n  t h i s  
r epor t ,  t he  r equ i r emen t s  o f  t he  r ema inde r  o f  t he  sys t em were e s t a b l i s h e d  
i n i t i a l l y ,  and   t he   vo lume   l e f t   f o r   t he   w ind ings  was a r e s u l t .   I m p r e s s i v e  
successes  on  p rev ious  smaller superconduct ive magnets  gave no obvious reason 
why t h e  g o a l  c o u l d  n o t  b e  a t t a i n e d .  
Once w i t h i n  t h e  c o n f i n e s  o f  a g i v e n  h i g h  c u r r e n t  d e n s i t y  f o r  a d e s i g n ,  
t h e r e  a re  s e v e r a l   p o s s i b l e   o p t i m i z i n g   f a c t o r s .  The i n s t a b i l i t i e s  i n h e r e n t  i n  
superconduct ive magnets  a re  i n f l u e n c e d  a d v e r s e l y  by very  h igh  inductances .  
Magne to res i s t i ve  p robes ,  bu i l t  i n to  the  wind ings  o f  t he  modu les  t e s t ed  fo r  
t h i s  c o n t r a c t ,  c l e a r l y  showed o s c i l l a t o r y ,  f a s t - c h a n g i n g  p a t t e r n s  o f  m a g n e t i c  
f i e l d ,  e v e n  t h o u g h  t h e  c e n t r o i d  f i e l d  showed a s teady monotonic  behavior .  
Rap id  f i e ld  changes  were t h e  r e s u l t  o f  a p p l y i n g  d i f f e r e n t  c h a r g i n g  v o l t a g e s  t o  
ind iv idua l  modu les  and  consequen t  r eac t ions  due  to  the  h igh  mutua l  coup l ing  
a n d   s h o r t i n g   w i t h i n   w i n d i n g   l a y e r s .   L o c a l   r e g i o n s   o f   t h e   w i n d i n g s ,   t h e r e f o r e ,  
were s u b j e c t  t o  u n p r e d i c t a b l e  f i e l d  e x c u r s i o n s ,  w i t h  a l l  o f  t h e  a d v e r s e  p o s s i -  
b i l i t i e s  o f   l a r g e   d i p o l e   l o o p s   b e i n g  set  up i n   t h e   r i b b o n .   S u b s t i t u t i n g   f e w e r  
h i g h - c u r r e n t  t u r n s  t h a t  are  s t r i a t e d  o r  s t r a n d e d  t o  r e d u c e  i n d u c t a n c e  a n d  
m a g n e t i z a t i o n  i s  c l e a r l y  a requi rement  for  magnets  such  as the magnet  assembly 
d e s c r i b e d  i n  t h i s  r e p o r t .  
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B e c a u s e  r e l a t e d  p r a c t i c a l  matters ( e . g . ,  a v a i l a b l e  c o n d u c t o r  s i z e s  a n d  
" 
power s u p p l i e s )  m i g h t  limit t h e  e x t e n t  t o  w h i c h  i n d u c t a n c e  c a n  b e  r e d u c e d ,  
a s e c o n d  o p t i m i z i n g  f a c t o r  i s  t h e  d e g r e e  o f  s t a b i l i z a t i o n  t h a t  c a n  b e  a c h i e v e d  
by the   normal  metal coa t ing   on   t he   r i bbon .  Si lver  p la t ing   0 .0254 mm t h i c k  
p e r  s i d e  o n  t h e  2.28-mm-wide r ibbon (such as was wound i n t o  m a g n e t s  I ,  111, 
and IV) was q u i t e  a d e q u a t e  f o r  e a r l y  small h igh- f ie ld   magnets .   This   r ibbon 
performed w e l l ,  w i t h  some r e s e r v a t i o n s  d u e  t o  e x c e s s i v e  c h a r g i n g  times, i n  
t h e  15-cm-boreY  14-Tesla  magnet made f o r  NASA by RCA. This   magnet   conta ined  
o v e r  90 k i lome te r s   o f   r i bbon .  It s i n c e  h a s  became  obvious,   however   that   the  
c u r r e n t  d e n s i t y  a c t u a l l y  a t t a i n e d  d r o p s  f a s t e r  d u e  t,o i n s t a b i l i t i e s  t h a n  d u e  
t o  d i l u t i o n  o f  t h e  w i n d i n g  v o l u m e  by adding normal metal as m a g n e t s  g e t  l a r g e r .  
Magnet I1 ( c o p p e r - c l a d   v e r s i o n )   s h o w s ,   t h e r e f o r e ,   t h a t   b e t t e r   r e s u l t s  are  
a c h i e v e d  i n  t h i s  case by s t a b i l i z i n g - t o  a p o i n t  t h a t  m i g h t  b e  w a s t e f u l  f o r  a 
smaller magnet. 
Spec i f i ca t ions  fo r  t he  magne t  a s sembly  p robab ly  wou ld  have  been  m e t  under 
r e d u c e d - t e m p e r a t u r e  c o n d i t i o n s  i f  a l l  f o u r  m a g n e t s  h a d  b e e n  wound wi th  copper -  
c l a d   r i b b o n .   W i t h   t h i s   r i b b o n   p a r a l l e l e d   t o   f o r m   h i g h - c u r r e n t   c o n d u c t o r s   ( e . g . ,  
1.77 c m  w i d e ) ,  m a t e r i a l l y  r e d u c i n g  t h e  i n d u c t a n c e ,  s p e c i f i c a t i o n s  p r o b a b l y  
could  have  been met a t  4.2 K o p e r a t i o n .  Due t o  t h e  l a c k  o f  a q u a n t i t a t i v e  
mode l ,  however ,  wh ich  can  r educe  such  des igns  to  s t anda rd  eng inee r ing  p rac t i ce ,  
i t  r e m a i n s  n e c e s s a r y  i n  a l l  c a s e s  t o  h a v e  r e l a t e d  e x p e r i e n c e  w i t h  a n y  o n e  k i n d  
o f  f a b r i c a t i o n  b e f o r e  p r o c e e d i n g  w i t h  a m a j o r  e f f o r t .  
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